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Abstract. Current theoretical and empirical size-resolved
parameterizations of the scavenging coefficient (3), a param-
eter commonly used in aerosol transport models to describe
below-cloud particle scavenging by rain, have been reviewed
in detail and compared with available field and laboratory
measurements. Use of different formulations for raindrop-
particle collection efficiency can cause uncertainties in size-
resolved3 values of one to two orders of magnitude for
particles in the 0.01–3 µm diameter range. Use of different
formulations of raindrop number size distribution can cause
3 values to vary by a factor of 3 to 5 for all particle sizes.
The uncertainty in3 caused by the use of different droplet
terminal velocity formulations is generally small than a fac-
tor of 2. The combined uncertainty due to the use of dif-
ferent formulations of raindrop-particle collection efficiency,
raindrop size spectrum, and raindrop terminal velocity in the
current theoretical framework is not sufficient to explain the
one to two order of magnitude under-prediction of3 for the
theoretical calculations relative to the majority of field mea-
surements. These large discrepancies are likely caused by
additional known physical processes (i.e, turbulent transport
and mixing, cloud and aerosol microphysics) that influence
field data but that are not considered in current theoretical
3 parameterizations. The predicted size-resolved particle
concentrations using different theoretical3 parameterization
can differ by up to a factor of 2 for particles smaller than
0.01 µm and by a factor of>10 for particles larger than 3 µm
after 2–5 mm of rain. The predicted bulk mass and number
concentrations (integrated over the particle size distribution)
can differ by a factor of 2 between theoretical and empiri-
cal 3 parameterizations after 2–5 mm of moderate intensity
rainfall.
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1 Introduction

Precipitation scavenging of atmospheric aerosol particles is
an important removal process that should be included in at-
mospheric chemical transport models (CTMs) that simulate
aerosol particle number and/or mass concentrations. A pa-
rameter known as the scavenging coefficient (3) has been
used in the aerosol mass continuity equation in those models
to represent below-cloud particle scavenging (Seinfeld and
Pandis, 2006). Earlier CTMs only dealt with bulk aerosol
mass without the complexity of size-resolved number and
mass concentrations (Baklanov, 1999; Rasch et al., 2000;
and Jacobson, 2003, and references therein). In these mod-
els,3 for bulk mass was commonly parameterized as a func-
tion of rainfall intensity (e.g.,3 = ARB , whereR is rainfall
intensity andA andB are empirical constants) (Balkanski
et al., 1993; Mircea et al., 2000; Baklanov and Sorensen,
2001; Andronache, 2003). Recently developed atmospheric
aerosol CTMs, on the other hand, explicitly consider size-
resolved aerosol number and mass concentrations, where3

is expressed as a function of the particle size (e.g., Gong et
al., 2003; Loosmore and Cederwall, 2004; Henzing et al.,
2006, Tost et al., 2006; Croft et al., 2009). Model inter-
comparisons have shown that both bulk and size-resolved
precipitation scavenging parameterizations have large uncer-
tainties (Rasch et al., 2000; Textor et al., 2006).

Both theoretical and empirical size-resolved3 parameter-
izations exist in the literature. In the theoretical3 param-
eterizations, three component parameterizations are needed
for raindrop-particle collection efficiency, raindrop number
size distribution, and raindrop terminal fall velocity. In the
past few decades, a significant number of theoretical and
experimental studies have been carried out to investigate3

and these related components (see reviews in Zhang and Vet,
2006; Sportisse, 2007). A number of different analytical, em-
pirical, or semi-empirical formulas have also been developed
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to describe these scavenging components. However, due to
the natural variability of raindrop populations and the com-
plexity of microphysical collection processes between parti-
cles and raindrops, there has not been any community agree-
ment or consensus as to which formula should be used for the
above-mentioned components needed in the calculation of
3. For example, the raindrop-particle collection efficiency
can be obtained by solving the Navier-Stokes equation for
the air flow around a water drop. It is, however, difficult to
obtain a theoretical solution of the Navier–Stokes equation
for the collision efficiency because of the complicated flow
field around the falling drops (e.g., Pruppacher and Klett,
1997). Various collection mechanisms have thus proposed
to be included in the calculation of the total collection effi-
ciency (see detailed discussion in Sect. 2.1). There also exist
various forms of raindrop number size distribution functions
(e.g., exponential, gamma, and lognormal distributions as de-
scribed in Sect. 2.2) and formulations for raindrop terminal
velocity (Sect. 2.3). Different choices have been made by
different modelling groups but no systematic uncertainty as-
sessment has been done on the sensitivity of3 to the choice
of these input parameters. As for empirically-derived for-
mulas (e.g., Laakso et al., 2003), while these formulas fit
the data set from which they were derived well, they might
not fit other data sets very well. Therefore, a systematic
investigation of the uncertainties in the current theoretical
and empirical-derived size-resolved3 parameterizations is
needed in order to improve atmospheric aerosol CTMs.

In the present study, theoretical and empirical size-
resolved3 parameterizations are reviewed, compared, and
evaluated in a common framework using available measure-
ments. Bulk3 formulas will not be discussed here. In Sec-
tion 2, the theory underpinning the theoretical3 parameter-
izations is briefly described. Section 3 then discusses the
uncertainties in the theoretical3 parameterizations caused
by the use of different forms of the three component param-
eterizations: raindrop-particle collection efficiency; raindrop
number size distribution; and raindrop terminal fall veloc-
ity. In Section 4, both theoretical and empirical size-resolved
3 parameterizations are evaluated against available measure-
ments. Section 5 provides examples of the impacts of dif-
ferent theoretical and empirical3 parameterizations on pre-
dicted bulk and size-resolved aerosol number and mass con-
centrations after a short period of precipitation. Lastly, Sec-
tion 6 closes the paper with further discussions and conclu-
sions.

2 Theory of below-cloud precipitation scavenging of
particles

The time-dependent removal of aerosol particles by precipi-
tation is commonly described in CTMs as (Seinfeld and Pan-
dis, 2006)

∂n(t)

∂t
= −3 ·n(t), (1)

wheren(t) is the particle number concentration at timet and
the scavenging coefficient3 has units of inverse time. For
CTMs that treat size-resolved aerosol particles,3 should
also be a function of particle size. The size-resolved3 is
parameterized as

3
(
dp

)
= (2)∫

∞

0

π

4

(
Dp +dp

)2(
V (Dp)−v(dp)

)
E
(
dp,Dp

)
N
(
Dp

)
dDp,

wheredp and Dp denote particle and raindrop diameters,
respectively,N(Dp) is the raindrop number size distribu-
tion or size spectrum, andV (Dp) andv(dp) are the termi-
nal velocities of raindrop and aerosol particles, respectively.
E(dp,Dp) is the raindrop-particle collection efficiency, a di-
mensionless parameter that is defined as the ratio of the total
number of collisions occurring between a raindrop and par-
ticles to the total number of particles in an area equal to the
raindrop’s effective cross-sectional area (Slinn, 1983; Prup-
pacher and Klett, 1997; Seinfeld and Pandis, 2006). Usually
the collection efficiency is assumed to be equal with the col-
lision efficiency (Slinn, 1983); that is, the collision between a
particle and a raindrop is assumed to result in perfect sticking
(the sticking efficiency is unity). This assumption seems rea-
sonable fordp

/
Dp �1 (Pruppacher and Klett, 1997). Equa-

tion (2) shows that the main factors affecting size-resolved3

include raindrop-particle collection efficiency, raindrop num-
ber size distribution, and raindrop terminal velocity. A dis-
cussion about how these factors can be determined follows.

2.1 Raindrop-particle collection efficiencyE(dp,Dp)

The raindrop-particle collection efficiencyE(dp,Dp) has
been investigated extensively in a series of previous studies
(e.g., Wang and Pruppacher, 1977; Grover and Pruppacher,
1985; Slinn, 1983; Pruppacher and Klett, 1997; Pinsky and
Khain, 2001). Both experimental and theoretical results have
shown thatE(dp,Dp) is the result of the net action of vari-
ous forces influencing the relative motion of aerosol particles
and hydrometeors. For example, particles following the flow
streamlines past a raindrop may be captured by Brownian dif-
fusion or interception. Interception takes place when a parti-
cle follows a flow streamline that comes within a distance of
one particle radius

(
dp / 2

)
of a droplet. Larger particles tend

to experience inertial impaction because of their larger iner-
tia, which prevents them from following the rapidly curving
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streamlines around falling droplets. Interception and iner-
tial impaction are closely related, but interception occurs as
a result of particle size neglecting its mass, while inertial im-
paction is due to particle mass neglecting its size (Seinfeld
and Pandis, 2006).

Brownian diffusion, interception, and inertial impaction
are believed to be three most important collection mecha-
nisms for below-cloud particle scavenging. However, accu-
rate prediction of the contribution of each collection mecha-
nism to the overallE(dp,Dp) is still very difficult due to the
complicated flow patterns around the falling droplet. In prac-
tical application, various simplified or empirical formulas for
E(dp,Dp) have been induced. Slinn (1983) proposed a for-
mula for E(dp,Dp) by using dimensional analysis coupled
with experimental data. Based on Slinn (1983), we use the
formula for E(dp,Dp) that is summarized by Seinfeld and
Pandis (2006: see Eq. 20.56):

E
(
dp,Dp

)
=

4

ReSc

[
1+0.4Re1/2Sc1/3+0.16Re1/2Sc1/2

]
+4

dp

Dp

[
µa

µw

+

(
1+2Re1/2

) dp

Dp

]
+

(
St −St∗

St −St∗ +2
/

3

)3/2

, (3)

where

Re =
DpV (Dp)ρa

2µa

, Sc =
µa

ρaDdiff
, Ddiff =

kbTaCc

3πµadp

,

St =
2τ
(
V (Dp)−v(dp)

)
Dp

, τ =

(
ρp −ρa

)
d2
pCc

18µa

,

St∗ =
1.2+

1
12 ln(1+Re)

1+ ln(1+Re)
,

Cc = 1+
2λ

dp

(
1.257+0.4exp

(
−0.55

dp

λ

))
,

and all symbols are defined in Appendix B (Nomenclature).
The first term in Eq. (3) represents Brownian diffusion,

the second term represents interception, and the third term
represents inertial impaction. Note that the third term is in-
cluded only when the Stokes number (St) is greater than the
critical Stokes number (St∗). The third term is also valid
as written only for aerosol particles with a density of 1 g
cm−3; otherwise, this term should be scaled by

(
ρp / ρw

)1/ 2

(Slinn, 1983; Seinfeld and Pandis, 2006). The above for-
mula forE(dp,Dp) has been widely used in current parame-
terizations for below-cloud particle scavenging by rain (e.g.,
Mircea et al., 2000; Chate et al., 2003; Chate, 2005; An-
dronache, 2003; Andronache et al., 2006; Gong et al., 2003;
Loosmore and Cederwall, 2004; Tost et al., 2006; Henzing et
al., 2006; Feng, 2007).

Theoretically, Slinn’s formula is likely to underestimate
E(dp,Dp) since it includes only a subset of the mecha-
nisms that influence particle collection by rain. A num-
ber of studies have suggested that thermophoresis, diffusio-
phoresis, and electric charges may increaseE(dp,Dp) for

particles in the 0.01−1 µm diameter range (e.g., Slinn and
Hales, 1971; Grover et al., 1977; Wang et al., 1978; Mc-
Gann and Jennings, 1991; Byrne and Jennings, 1993; Prane-
sha and Kamra, 1997; Tripathi and Harrison, 2001; Tins-
ley et al., 2000; Jaworek et al., 2002; Andronache, 2004;
Chate, 2005; Andronache et al., 2006). Thermophoresis,
which is caused by uneven heating of particles in ambi-
ent temperature gradients, drives particles towards evaporat-
ing and sublimating hydrometeors. Diffusiophoresis moves
particles towards diffusionally-growing hydrometeors due to
water vapour concentration gradients (Chate, 2005). Accord-
ing to Andronache et al. (2006), the thermophoretic and dif-
fusiophoretic contributions toE(dp,Dp) can be expressed,
respectively, as follows:

Eth

(
dp,Dp

)
=

4αth

(
2+0.6Re1/2Pr1/3

)
(Ta −Ts)

V
(
Dp

)
Dp

, (4)
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(
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where

αth =
2Cc

(
ka +5λ

/
Dpkp

)
ka

5P
(
1+6λ

/
Dp

)(
2ka +kp +10λ

/
Dpkp

) , Pr=
cpµa

ka

,

βdph =
TaDdiffwater

P

√
Mw

Ma
, andScw =

µa

ρaDdiffwater
.

The contribution of electric charge to the collection effi-
ciency is based on the concept that a raindrop with a charge
Qr attracts an aerosol particle with an opposite chargeqp

and this process enhances the capture efficiency by the rain-
drop of aerosol particles close to the raindrop’s surface (An-
dronache, 2004). The electrostatic collection efficiency is
expressed as

Ees

(
dp,Dp

)
=

16KCcQrqp

3πµaV
(
Dp

)
D2

pdp

, (6)

whereK = 9×109 (in N m2 C−2) and Qr and qp are the
mean charges on the raindrop and on the aerosol particle (in
Coulomb, C) and are assumed to be of opposite sign. A pa-
rameterization with respect to size has been proposed for the
mean raindrop and particle charges:

Qr = aαD2
p, andqp = aαd2

p, (7)

wherea = 0.83×10−6 andα (C m−2) is an empirical param-
eter that can vary between 0, which corresponds to neu-
tral particles, and 7, which corresponds to highly electrified
clouds associated with thunderstorms (Andronache, 2004;
Andronache et al., 2006).
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2.2 Raindrop number size distribution N(Dp)

Detailed information about the raindrop number size dis-
tribution is essential for understanding the mechanism of
below-cloud particle scavenging, estimating the scavenging
coefficient3, and improving microphysical parameteriza-
tions in numerical weather models and CTMs. Since the pi-
oneering studies of Marshall and Palmer (1948), extensive
research has been devoted to modeling the raindrop size dis-
tribution (e.g., Ulbrich 1983; Feingold and Levin 1986), and
various mathematical functions have been proposed to fit the
observed number distributions for raindrops. However, al-
most no guidance is available to recommend a specific func-
tion and its parameters for use in characterizing natural rain-
drop size spectra because various factors such as rainfall in-
tensity, precipitation type (e.g., stratiform rain, convective
rain, thunderstorm), and the stage of rain development all
contribute to the formation and evolution of the raindrop size
distribution (e.g., Waldvogel, 1974; Sauvageot and Lacaux,
1995; Brandes et al., 2006; Zhang et al., 2008).

At present, the main mathematical functions used to repre-
sent the raindrop number size distribution can be divided into
three types based on their formulas: exponential distribution;
gamma distribution; and lognormal distribution. The expo-
nential distribution is generally written as (e.g., Marshall and
Palmer, 1948)

N(Dp) = N0eexp
(
−βeDp

)
, (8)

whereN0e is the intercept parameter andβe is a slope pa-
rameter. The general form of the gamma distribution can be
written as (e.g., Ulbrich, 1983)

N(Dp) = N0gD
γ
p exp

(
−βgDp

)
(9)

HereN0g is a number concentration parameter,γ is a distri-
bution shape parameter, andβg is a slope term sensitive to
the larger particles. The general form of the lognormal dis-
tribution can be written as (e.g., Feingold and Levin, 1986;
Cerro et al.,1997)

N
(
Dp

)
=

Ntotal
√

2πDp logσD

exp

[
−

(
logDp − logD̄p

)2
2log2σD

]
, (10)

whereNtotal is the total droplet number density,̄Dp is the
mean droplet diameter, andσD is the droplet-diameter stan-
dard deviation. These three parameters of the lognormal
function are expressed as functions of rainfall intensity.

In comparison with the exponential distribution, the
gamma and lognormal distributions are usually better at rep-
resenting the characteristics of observed raindrop size distri-
butions at the small-raindrop end (e.g., Ulbrich, 1983; Willis,
1984; Feingold and Levin, 1986; Cerro et al., 1997; Mircea
and Stefan, 1998; Mircea et al., 2000; de Wolf, 2001; Bringi
et al., 2003; Brandes et al. 2004; Bae et al., 2006; Henzing

et al., 2006). This is due to the fact that the exponential func-
tion (see Eq. 8) generally includes a fixed intercept param-
eterN0e that predicts maximum droplet number concentra-
tion for droplet sizes approaching zero. However, many elec-
tromechanical disdrometer observations and theoretical stud-
ies have shown that the intercept parameter is far from con-
stant and depends systematically on precipitation type, rain-
fall intensity, and stage of precipitation development (e.g.,
Waldvogel, 1974; Sauvageot and Lacaux ,1995; Zhang et al.,
2008).

These three distribution functions have all been used in
the parameterization of size-resolved below-cloud scaveng-
ing. Since this type of parameterization considers the full
set of interactions between the size spectra of raindrops and
aerosol particles, the numerical calculation of3 is very com-
plex and computationally intensive. To reduce the compu-
tational burden, some large-scale atmospheric models repre-
sent the raindrop size spectrum with a representative raindrop
diameterDr (i.e., a monodisperse distribution), generally the
median volume diameter (e.g., Gong et al., 2003; Gong et
al., 2006; Loosmore and Cederwall, 2004; Tost et al., 2006).
Since all raindrops are assumed to have the same diameter
Dr , the integral form of Eq. (2) can then be simplified to

3
(
dp

)
=

π

4
D2

r V (Dr)E
(
dp,Dr

)
Ntotal . (11)

As the rainfall intensityR(in mm s−1) can be defined by the
formula

R =

∫
∞

0

π

6
D3

pV
(
Dp

)
N
(
Dp

)
dDp, (12)

then for a monodisperse raindrop number size spectrum, the
rainfall intensity can be written as

R =
π

6
D3

r V (Dr)Ntotal. (13)

Combining Eqs. (11) and (13),3 can then be rewritten for a
monodisperse raindrop size spectrum as

3
(
dp

)
=

3

2

E
(
dp,Dr

)
R

Dr

. (14)

2.3 Raindrop terminal velocity V (Dp)

The terminal fall velocity of a raindrop is another parameter
that is included in the formula of the below-cloud scavenging
coefficient (see Eq. 2). Two general approaches have been
employed to describe raindrop terminal velocity in below-
cloud scavenging parameterizations: (1) empirical formulas
derived directly from experimental data and (2) physically-
based parameterizations. Table 1 lists some commonly used
empirical formulas for the terminal velocity of falling rain-
drops.

Physically-based formulas usually divide the population
of raindrops into several size ranges that correspond to dif-
ferent, physically-distinct flow regimes (e.g., Beard, 1976;
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Table 1. Parameterizations for raindrop terminal velocity (in cm s−1).

Source Approximate formula

Kessler (1969) V (Dp) = 1300D0.5
p

Atlas and Ulbrich (1977) V (Dp) = 1767D0.67
p

Willis (1984) V (Dp) = 4854Dpexp
(
−1.95Dp

)
Best (1950) V (Dp) = 958

[
1−exp

(
−

(
Dp

0.171

)1.147
)]

Atlas et al. (1973) V (Dp) = 965−1030exp
(
−6Dp

)
Brandes et al. (2002) V (Dp) = −10.21+4932Dp−9551D2

p +7934D3
p−2362D4

p

HereDp is in centimeters.

Seinfeld and Pandis, 2006; Jacobson, 2005). Different for-
mulas are employed in different ranges. In the present study,
we follow the theoretical formula of Beard (1976) for the
most calculations. Beard’s scheme assigns each raindrop
to one of three physically-distinct flow regimes: Stokes’s
regime (Dp≤20 µm or Re≤0.01); the transitional regime
(20 µm≤Dp≤1 mm or 0.01≤Re≤300); and Newton’s regime
(1 mm≤Dp≤7 mm or 300≤Re≤4000). For raindrops in
Stokes’s regime, the Beard scheme explicitly calculates the
terminal velocities using Stokes’s formula

V (Dp) =
D2

p (ρw −ρa)gCc

18µa

, (15)

whereρa is air density,ρw is water density, µa is air viscosity,
g is the gravitational constant,Dp is the raindrop diameter,
andCc is the Cunningham correction factor. However, for
larger raindrops (Dp≥20 µm orRe≥0.01), the Stokes’s for-
mula is no longer valid and there are no explicit expressions
for the terminal velocities. In this case, the Beard scheme cal-
culates a Best number, which is based upon the droplet mass
and density as well as the gravitational constant and the air
viscosity. Then observations are used to derive the Reynolds
number from the Best number. Finally, the terminal veloci-
ties can be derived using the definition of the Reynolds num-
ber. Expressions for the Best number and empirical relations
for the Reynolds number in terms of the Best number are
given by Beard (1976) and Jacobson (2005).

3 Sensitivity of theoretical3 parameterizations to
different input-parameter formulations

As described in Sect. 2, there exist a number of different
formulas for raindrop-particle collection efficiency, raindrop
number size distribution, and raindrop terminal velocity, the
three input parameters needed to calculate size-resolved3

(see Eq. 2). This section focuses on investigating the sensi-
tivity of 3 to these different input-parameter formulas.
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Fig. 1. Contributions of various collection processes to the collec-
tion efficiencyE(dp,Dp) as a function of the aerosol particle size
for a raindrop with diameter of 1 mm.

3.1 Sensitivity to collection efficiency

As discussed in Sect. 2.1 the raindrop-particle collection effi-
ciencyE(dp,Dp) is controlled by many different microphys-
ical processes. Figure 1 shows the contributions of six micro-
physical processes toE(dp,Dp) for a wide size range of par-
ticles collected by a raindrop 1 mm in diameter. Calculations
are performed based on Eqs. (3) to (6), where (a) raindrop
terminal velocitiesV (Dp) are computed from the theoretical
formula of Beard (1976), (b) a 3◦C temperature difference
has been assumed between the raindrop and ambient air to
calculate the thermophoretic and diffusiophoretic collection
efficiencies (Slinn and Shen, 1970; Slinn and Hales, 1971;
and Chate, 2005), and (c)α = 2 has been assumed for aver-
age conditions of electrified clouds to calculate electrostatic
collection efficiency (Andronache, 2004).

Clearly, the contribution of Brownian diffusion decreases
rapidly as particle size increases. It is the most important
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Fig. 2. Total collection efficiencyE(dp,Dp) (contoured) taking
into account the contributions of all of the processes shown in Fig. 1
as a function of both particle diameter and raindrop diameter.

collection mechanism for smaller particles, particularly ultra-
fine particles (dp<0.01 µm), but it contributes little for super-
micron particles. Inertial impaction, by contrast, can only oc-
cur for particles with a Stokes number (St) above the critical
Stokes number (St∗), which is close to 1.2 (Phillips and Kaye,
1999; Loosmore and Cederwall, 2004); the corresponding
threshold diameter is close to 3 µm for unit-density particles
and a 1 mm raindrop. It is worth noting that the influence of
particle density on raindrop-particle collection efficiency is
very small. This is because the density factor has a square-
root dependence on aerosol density ((ρp/ρw)1/2) and only
affects inertial impaction. Figure 1 shows that the contribu-
tion of inertial impaction dominatesE(dp,Dp) for particles
larger than 3.5 µm. The contribution of interception increases
with increasing particle size and appears to be important for
particles in the 1 to 3.5 µm diameter range. Thermophoresis
makes a comparable contribution to Brownian diffusion for
particles withdp between 0.1 and 1 µm. The contribution of
diffusiophoresis is smaller than that of thermophoresis for all
particle sizes. Finally, the contribution from electric charges
increases with particle size and is dominant for particles with
dp between 0.3 and 3.5 µm.

Because of the combined action of the microphysical pro-
cesses discussed above, total raindrop-particle collection ef-
ficiency varies significantly for different particle sizes. Fig. 1
indicates that the collection efficiency is highest for ultrafine
particles (dp<0.01 µm) due to Brownian diffusion and for
large particles (dp>3 µm) due to inertial impaction. How-
ever, for particles in the diameter range from 0.01 to 3 µm,
although more of these mechanisms, i.e., Brownian diffu-
sion, interception, diffusiophoresis, thermophoresis and elec-
tric charges, play a role in the collection process, the overall
magnitude ofE(dp,Dp) is very low (<10−2).
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Fig. 3. Scavenging coefficients determined with six different col-
lection efficiency parameterizations as a function of particle size
for rainfall intensities of 0.1 mm h−1 (dashed line) and 10 mm h−1

(solid line).

Figure 2 shows a contour plot of raindrop-particle collec-
tion efficiency as a function of both raindrop and particle size
calculated using the same conditions as in Fig. 1. It is clear
from this figure that the collection efficiency decreases with
increasing raindrop size for aerosol particles smaller than
3 µm in diameter. The reason is that the dominant collec-
tion mechanisms for these particles (i.e., Brownian diffusion
for ultrafine particles (dp<0.01 µm), and Brownian diffusion,
interception, thermophoresis, diffusiophoresis, and electric
charges for aerosol particles with diameters between 0.01–
3 µm) become less efficient as raindrop size increases (see
Eqs. 3–6). This can be explained by the largerV (Dp) of
the larger particles, which increasesRe, and thus reduces
E(dp,Dp) (see Eq. 3). In contrast, the collection efficiency
for large particles (dp>3 µm) is not very sensitive to raindrop
size. This is due to the fact that inertial impaction dominates
collection in this size range, and this process has little depen-
dence on raindrop size (see Eq. 3).

Figure 3 shows the sensitivity of the size-resolved scav-
enging coefficient to differentE(dp,Dp) parameterizations
for two different rainfall intensities, 0.1 and 10 mm h−1,
based on calculations using Eq. 2. The raindrop terminal ve-
locity and raindrop size spectrum were parameterized using
the Beard scheme and the Marshall-Palmer (MP) distribu-
tion, respectively. Figure 3 indicates that the addition of the
collection processes of thermophoresis, diffusiophoresis, and
electrostatic forces in the Slinn (1983) scheme can increase
the predicted3 values by nearly one order of magnificent
for particles with diameters between 0.1–3 µm. For larger
particles, these processes have much less effect since inertial
impaction dominates over the other mechanisms.
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Also shown in Fig. 3 areE(dp,Dp) profiles calculated
based on alternate schemes described by Park et al. (2005)
and Croft et al. (2009), respectively. The scheme for collec-
tion efficiency given in Park et al. (2005) considers the col-
lection mechanisms of Brownian diffusion, interception, and
inertial impaction. The Brownian diffusion and interception
formulas are based on Jung and Lee (1998) and the treatment
of inertial impaction comes from Calvert (1984). By con-
trast, Croft et al. (2009) divided the raindrop collectors and
the collected particles into different size ranges (i.e.,>300,
300–42, 42–10,≤10 µm for collectors,>10, 10–0.5, 0.5–0.2,
≤0.2 µm for collected particles) and calculated the collection
efficiencies between collectors and collected particles of dif-
ferent sizes using a look-up table modified from Hall (1980).
The modifications included incorporating additional collec-
tion efficiency data from Wang et al. (1978), representing
Brownian diffusion collection for small collector/collected-
particle pairs according to Young (1993), and adopting inter-
polated values (between the values of calculated Brownian
diffusion and the values from the original look-up table) for
certain size ranges of collector/collected particles.

The differences in3 values in Fig. 3 between the Park et
al. (2005) and Slinn (1983) schemes are small (i.e., within a
factor of 2–5) for particles smaller than 0.05 µm and larger
than 5 µm in diameter. However, the differences can be as
large as two orders of magnitude for particles in the 1–4 µm
diameter range. The much larger3 values predicted by the
Park et al. (2005) scheme for this size range are caused by
neglect of the critical Stokes number threshold in the inertial
impaction mechanism. The3 values derived from the Croft
et al. (2009) scheme are smaller by a factor of 2–5 from the
Slinn (1983) scheme for particles smaller than 2 µm in diam-
eter, larger by 1–2 orders of magnitude for particles around
3 µm, and very similar for particles larger than 10 µm. The
large differences between Croft’s and Slinn’s parameteriza-
tions between 2 and 10 µm were also caused by differences in

their treatments of inertial impaction. The results presented
in Fig. 3 thus suggest that the parameterization of collection
efficiency between aerosol particles and falling raindrops is
an important source of uncertainty in the calculation of the
size-resolved scavenging coefficient, particularly for particle
diameters between 0.01 and 3 µm.

Note that many early studies used a constant collec-
tion efficiency in parameterizeing3 (Scott, 1982; Mircea
and Stefan, 1998), so for comparison purposes one con-
stant collection efficiency is also shown in Fig. 3. Since
raindrops are generally much bigger than aerosol particles
and raindrop terminal velocities are generally much bigger
than particle settling velocities, then(Dp +dp)2 ∼= D2

p and
V (Dp)�v(dp) so thatE(dp,Dp) becomes the only parame-
ter in Eq. (2) that is a function of the collected particle diam-
eterdp. Therefore, ifE(dp,Dp) is assumed to be a constant
for a given raindrop size distribution, then3 will be close
to a constant for all particle sizes and will only change with
rainfall intensity R. Clearly, this method does not reflect the
reality evident in Fig. 3 since it neglects the dependence of
below-cloud scavenging processes on particle size.

3.2 Sensitivity to raindrop number size distribution

As discussed in Sect. 2.2, a number of different empirical for-
mulas for the raindrop number size spectrum have been used
in theoretical3 parameterizations in previous studies. To in-
vestigate the sensitivity of3 to the choice of raindrop size
spectrum, eight empirical formulas were selected to calcu-
late3 using Eq. (2). As shown in Fig. 4, these included four
exponential distributions (MP, JD, JT and ZH), two gamma
distributions (DE and W84), and two lognormal distribu-
tions (FL and CE). An immediate observation from Fig. 4
is that the four exponential distributions yield greater num-
bers of small droplets compared to the other distributions.
For example, according to Table 2 the percentage of droplets
smaller than 0.1 mm in diameter for the MP distribution is
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Table 2. Total droplet number concentration,Ntotal, from three typical raindrop number size distributions for nine different rainfall intensities.
MP denotes for Marshall and Palmer (1948), DE denotes de Wolf (2001), and FL denotes Feingold and Levin (1986).

R
MP (Exponential) DE (Gamma) FL (Lognormal)

(mm h−1)
Ntotal(m

−3) f a
1 (%) f b

2 (%) Ntotal (m
−3) f1 (%) f2 (%) Ntotal (m

−3) f1 (%) f2 (%)

0.01 732.0 65.8 34.2 29.5 4.4 95.6 62.3 0.5 99.5
0.1 1191.9 48.4 51.6 65.6 1.2 98.8 103.3 0.0 100.0
1 1937.8 33.5 66.5 145.8 0.3 99.7 171.5 0.0 100.0
5 2720.0 25.3 74.7 254.8 0.1 99.9 244.3 0.0 100.0
10 3147.4 22.2 77.8 324.1 0.1 99.9 284.6 0.0 100.0
20 3641.8 19.6 80.4 412.2 0.0 100.0 331.5 0.0 100.0
50 4416.1 16.4 83.6 566.5 0.0 100.0 405.5 0.0 100.0
70 4740.0 15.4 84.6 636.6 0.0 100.0 436.7 0.0 100.0
100 5109.3 14.4 85.6 720.5 0.0 99.9 472.3 0.0 99.9

f1 is the percentage of the number concentration with the raindrop diameter less 0.1 mm.
f2 is the percentage of the number concentration with the raindrop diameter between 0.1 to 6 mm.

>65% in drizzle (0.01 mm h−1), 33% in moderate-intensity
rain (1 mm h−1), and still 14% even in extremely heavy rain
(100 mm h−1). By contrast, the gamma and lognormal dis-
tributions have fewer small droplets. For example, Table 2
shows that the percentages of droplets smaller than 0.1 mm
in diameter for the DE gamma distribution and FL lognor-
mal distribution are close to zero for all precipitation classes.
As precipitation intensity increases, the modes of all of the
distributions shift to larger drops (Fig. 4). The total droplet
number concentration (Ntotal) also increases with increasing
rainfall intensity (Table 2). For a given rainfall intensity, the
Ntotal value predicted by the MP exponential distribution ex-
ceeds those predicted by the DE gamma distribution and FL
lognormal distribution by an order of magnitude. However,
the difference inNtotal between DE and FL is smaller than a
factor of 2.

The significant differences amongst different representa-
tions of raindrop number size distribution should also affect
the calculated size-resolved3 values. A study by Mircea et
al. (2000) found only a weak sensitivity of3 to the raindrop
size distribution. However, the two droplet spectra used by
Mircea et al. (2000) were quite similar in nature; they were
both derived from measurements in the same area (Mediter-
ranean) and were both lognormal distributions. Figure 5
shows a comparison of size-resolved3 curves derived from
the eight different raindrop size spectra considered in Fig. 4
for two different rainfall intensities (0.1 and 10 mm h−1).
Note that the terminal fall velocities and collection efficien-
cies used in the calculations for this figure followed the the-
oretical formulas of Beard (1976) and Slinn (1983), respec-
tively.
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Clearly, 3 depends strongly on the choice of raindrop
number size distribution.3 values calculated using different
raindrop size spectra can differ by a factor of 3 to 5 depend-
ing on particle size and precipitation intensity. The differ-
ences are more evident for particles smaller than 3 µm under
weak rainfall intensities. The MP and the JD raindrop size
distributions give higher3 values than other distributions for
all particle sizes for two reasons: (a) their higher droplet to-
tal number concentrations and (b) their greater fraction of
small droplets, which have higher collection efficiencies (see
Table 2 and Fig. 2). As rainfall intensity increases, how-
ever, the differences in droplet total number concentration
and fraction of small droplets between the different raindrop
size spectra decrease (see Table 2) because the modes of all
distributions shift to larger droplet sizes (see Fig. 4). Thus,
differences in3 from using different raindrop size spectra
decrease with increasing rainfall intensity.

Section 2.2 mentioned that many large-scale aerosol trans-
port models use a monodisperse distribution by introducing
a representative diameterDp to replace the actual raindrop
size distribution in the calculation of3 (e.g., Gong et al.,
2003; Gong et al., 2006; Loosmore and Cederwall, 2004;
Tost et al., 2006). This simplified approach (as shown in Eq.
14) assumes that the3 values calculated withDpwould be
similar to those calculated using a full raindrop size spec-
trum. A power-law function of the precipitation intensity has
commonly been used to parameterizeDp (e.g.,Dp = ARB ,
whereA andB are constant andR is the rainfall intensity).
At present, there exist several parameterizations forDp in the
literature (see Sportisse, 2007).

Two 3 profiles generated based on two differentDp for-
mulas are shown in Fig. 5. One monodisperse distribu-
tion is used in AURAMS (A Unified Regional Air-quality
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Fig. 7. Size-resolved scavenging coefficients as a function of par-
ticle size for seven different terminal velocity parameterizations as-
suming a rainfall intensity of 1.0 mm h−1.

Modelling System), whereDp is parameterized asDp =

0.7R0.25 (with Dp in mm andR in mm h−1) (Gong et al.,
2003; Gong et al., 2006; hereafter referred to as AURAMS-
Monodisperse), and the other one is used in NARAC/LLNL
(National Atmospheric Release Advisory Center system of
the Lawrence Livermore National Laboratory), whereDp =

0.97R0.158 (Loosmore and Cederwall, 2004; hereafter re-
ferred to as LC-Monodisperse). It can be seen that the3

values generated from these two simplified approaches are
similar to those obtained from a full integration over a poly-
disperse droplet size spectrum. As well, the difference in
3 from using the two differentDpformulas is as large as
from using different polydisperse droplet size spectra. For
example, for a rainfall intensity of 0.1 mm h−1 (Fig. 5a), the
Dpdifference is 0.28 mm (a factor of 1.7) and the correspond-
ing 3 difference is about a factor of 5; for a rainfall intensity
of 10 mm h−1 (Fig. 5b), theDp difference is 0.15 mm (a fac-
tor of 1.1) and the corresponding difference in3 is smaller
than a factor of 2. Note also that the LC-Monodisperse “rep-
resentative droplet diameter” was generated from the W84
droplet size spectrum (Willis, 1984). Interestingly, the3 val-
ues obtained from using these two distributions are very close
to each other, suggesting that the use of a monodisperse rain-
drop size distribution can be a reasonable assumption as long
as the proper representative diameter is chosen.

3.3 Sensitivity to raindrop terminal velocity

Figure 6 shows the terminal fall velocities of rain droplets
derived from the six empirical formulas listed in Table 1 and
the Beard theoretical scheme as well as the measurements
reported by Gunn and Kinzer (1949). Note that the formu-
las from Atlas et al. (1973) and Brandes et al. (2002) give
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negative values when a droplet has a diameter smaller than
0.1 mm and 0.02 mm, respectively. It can be seen that most
formulas, except the power law formula of Kessler (1969),
agree well with the experimental data for droplets in the
0.5 mm to 5 mm size range. For droplets larger than 5 mm,
however, different formulas produce quite different terminal
velocities (e.g.,∼20–50% difference depending on size); but
droplets at these sizes are very rare. For droplets smaller than
0.5 mm (i.e., in the Stokes and lower transitional regimes),
most formulas overestimate the fall speed. Noted that the
theoretical formula of Beard (1976) agrees best with the ex-
perimental data.

The influence of differentV (Dp) formulas on the3 values
is illustrated in Fig. 7 for a rainfall intensityR of 1 mm h−1.
The droplet size spectrum used in this calculation was the
MP distribution and the collection efficiency formulation was
Slinn’s (1983) scheme. It can be seen that the uncertainty in
3 from using differentV (Dp) formulas is generally within a
factor of 2 for any particle size, much smaller than uncertain-
ties caused by the choice of different droplet-particle collec-
tion efficiencies and different droplet size spectra. The for-
mulas that give higherV (Dp) values also tend to give higher
3 values. For example, the MP droplet distribution has a
large number of small drops. Since the Kessler (1969) for-
mula predicts the largestV (Dp) values for small droplets,
it also produces the largest3 values (compare Fig. 7 with
Fig. 6). Similar results to the above have also been ob-
tained for gamma and lognormal droplet size spectra. It is
also worth noting that for different rainfall intensities (fig-
ures not shown), sensitivity tests have shown the difference
in 3 values from using differentV (Dp) formulas decreases
with increasing rainfall intensity. The largest uncertainty oc-
curs for conditions of very weak rain (i.e., drizzle rain) due
to the high concentrations of small droplets. In this case, the
difference is still within a factor of 2 for all particle sizes.

4 Evaluation of existing theoretical and empirical
size-resolved3 parameterizations

Available size-resolved3 parameterizations existing in the
literature can be classified into three types based on how they
were developed. The first type (hereafter referred to as Type
I) calculates3 based on analytical formulas for raindrop-
particle collection efficiency, raindrop size distribution, and
raindrop terminal velocity (e.g., Slinn, 1983; Mircea et al.,
2000; Chate et al., 2003; Chate, 2005; Andronache, 2003;
Andronache et al., 2006; Jung et al., 2003; Gong et al. 2003;
Loosmore and Cederwall, 2004; Park et al., 2005; Tost et
al., 2006; Feng, 2007; Croft et al., 2009). Sections 2 and 3
dealt with this first type of size-resolved3 parameterization.
The second type (hereafter referred to as Type II) employs an
empirical fit of pre-calculated3 values that were generated
using a Type I method with an assumed droplet size spectrum
and other needed inputs. For example, Henzing et al. (2006)

developed a simple size-dependent3 parameterization based
on a three-parameter fit to a set of pre-calculated3 values
(see details in Appendix A1). Thus,3 values from Type
II parameterizations should be similar to those from Type I
parameterizations. A major advantage of Type II methods
should be a significant reduction in computational burden
since they need only evaluate a simple fitting function rather
than performing an explicit integration over the raindrop size
spectrum; however, one possible drawback of this method is
that it might only be valid for certain rain droplet spectra.
The third type of3 parameterization (hereafter referred to as
Type III) uses an empirical fit to3 values derived from field
measurements (Laakso et al., 2003; Baklanov and Sorensen,
2001). Table 3 lists some available size-resolved3 parame-
terizations classified by these three types.

Figure 8 shows a comparison of predictions from these
12 parameterizations with each other and with available field
measurements for three different rainfall intensities. The ma-
jority of the field data display a strong dependence of the3

values on particle size. Below-cloud scavenging is fastest
for particles larger than a few microns in diameter, moder-
ate for particles smaller than 0.01 µm, and slowest for par-
ticles in the 0.1-1 µm diameter range. For example, the
observed3 values were around 1x10−4 s−1 to 3×10−4 s−1

on average for particles in the 3.5-10 µm diameter range
(Volken and Schumann, 1993), around 1x10−4 s−1 for parti-
cles smaller than 0.01 µm (Davenport and Peters, 1978), and
around 1×10−5 s−1 on average for particles in the 0.1–1 µm
diameter range (Laakso et al., 2003). The measurement data
also have a large spread, which is probably due to the very
different experimental conditions between these field studies.
In general,3 values were determined by measuring concen-
tration changes of the size-resolved aerosol particle at ground
stations before, during, and after rain events (e.g., Daven-
port and Peters, 1978; Slinn, 1983; Volken and Schumann,
1993; Laakso et al., 2003; Chate and Pranesha, 2004). Be-
sides the measurement errors caused by the instruments and
analysis processes, many other physical (horizontal and ver-
tical advection and turbulent diffusion), microphysical (con-
densation, nucleation, coagulation, and hygroscopic growth),
and chemical (both gas- and aqueous-phase chemistry) pro-
cesses can modify particle concentrations concurrently and
thus contribute to the large uncertainties in the measured3

values. Since particles in the 0.1–1 µm diameter range have
the smallest3 values, it is not surprising that the largest
spread of3 values was also observed for this size range due
to the various processes mentioned above.

To eliminate some of the uncertainties existing in the nat-
ural environment, a so-called outdoor experiment was de-
signed by Sparmacher et al. (1993) to determine the below-
cloud snow and rain scavenging coefficients using monodis-
perse artificial particles. In this experiment, monodisperse
artificial aerosol particles from an aerosol generator were
fed into a wind-shielded measuring chamber and suspended.
Natural precipitation that fell through the chamber then
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Fig. 8. Scavenging coefficients as a function of aerosol diameter calculated from ten theoretical and two empirical3 parameterizations listed
in Table 3 and taken from available measurements for rainfall intensities of(a) R = 1 mm h−1, (b) R = 5 mm h−1, and(c) R = 10 mm h−1.
Note that the parameterization of Laakso et al. (2003) is only valid for particles with diameters between 0.01 and 0.5 µm.

scavenged the aerosol particles and3 values were then de-
termined by measuring the changes of particle concentrations
inside the chamber. The objective of the design of the exper-
imental was to eliminate as many confounding factors during
the scavenging process as possible so that the3 values ob-
served would represent the actual droplet-particle collection
processes (Sparmacher et al., 1993). The3 values for four
selected particle sizes (0.23, 0.46, 0.98, and 2.16 µm in diam-
eter) generated from this study are also shown in Fig. 8. In-
terestingly,3 values from the ‘outdoor’ experiment are much
lower than those determined from other field observations,
suggesting that the above-mentioned physical and chemical
processes do contribute substantially, and on many occasions
play a dominant role, resulting in much higher measured3

values.

Figure 8 shows that for large particles (dp>3 µm) the3

values from the theoretical parameterizations (Type I and
II) agree well overall with field measurements under vari-
ous rainfall intensities. However, all theoretical parameteri-
zations, except the one of Park et al. (2005) that neglects the
critical Stokes number for inertial impaction, underestimate
observed3 values by one to two orders of magnitude for

particles in the 0.1–3 µm diameter range and by one order of
magnitude for particles smaller than 0.1 µm compared to the
available field measurements. Although the parameterization
of Andronache et al. (2006) takes into account the additional
collection processes due to thermophoresis, diffusiophoresis,
and electrostatic forces and uses the MP raindrop spectrum,
which produces higher3 values than the other distributions
(see Table 3 and Figs. 5 and 8), the discrepancies between
the field observed and the theoretical predicted3 values are
still more than one order of magnitude for particles in the
0.1–3 µm diameter range (see Fig. 8). Figure 8 also suggests
that the current theoretical parameterizations (Types I and II)
seem to be able to correctly predict the droplet-particle col-
lection process in an ideal vertical flow field created by rain-
drops as can be seen from the good agreement between the-
oretical values and results from the controlled experiment of
Sparmacher et al. (1993). However, in the real world, other
processes mentioned above appear to play dominant roles in
the overall scavenging process as can be seen from the much
higher3 values found in most field measurements compared
to the controlled experiment of Sparmacher et al. (1993).
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Table 3. Current size-resolved3 parameterizations for below-cloud particle scavenging by rain. Type I denotes a theoretical parameterization
with raindrop-particle collection efficiency, raindrop size distribution, and raindrop terminal velocity as component parameterizations, Type
II denotes a pre-calculated empirical fit to a theoretical3 parameterization, and Type III denotes an empirical fit to field measurements.

Source Raindrop-particle
collection effi-
ciency

Raindrop number size distribution Raindrop terminal velocity Types

Feng (2007) Slinn (1983) Marshall-Palmer (Exponential) Theoretical calculation Type I
Andronache (2003) Slinn (1983) Marshall-Palmer (Exponential) Kessler (1969) Type I
Calderon et al. (2008) Slinn (1983) Massambani and Morales (Gamma) Theoretical calculation Type I
Mircea et al. (2000) Slinn (1983) Feingold and Levin (1986) (Lognor-

mal)
Theoretical calculation Type I

Andronache et al. (2006) Slinn (1983)
+ phoresis
+ electric forces

Marshall-Palmer (Exponential) Atlas and Ulbrich (1977) Type I

Park et al. (2005) Brownian and
interception from
Jung and Lee
(1998)
Impaction from
Calvert (1984)

Marshall-Palmer (Exponential) Kessler (1969) Type I

Croft et al. (2009) Brownian from
Young (1993)
Impaction from
a modified Hall
(1980) table

Marshall-Palmer (Exponential) Theoretical calculation Type I

Loosmore and Cederwall
(2004)

Slinn (1983) Monodisperse
Dp = 0.97R0.158mm

Willis (1984) Type I

AURAMS (Gong et al.,
2006)

Slinn (1983) Monodisperse
Dp = 0.7R0.25mm

Theoretical calculation Type I

Henzing et al. (2006) Fitted functions
from explicit
calculation

Type II

Laakso et al. (2003) Empirical formula
from observations

Type III

Baklanov and Sorensen
(2001)

Empirical formula
from observations

Type III

One example of an important neglected process may be
the enhanced scavenging due to turbulent flow fluctuations
(e.g., Grover and Pruppacher, 1985; Khain and Pinsky, 1997;
Andronache et al. 2006). Turbulent flow fluctuations may in-
crease the relative motions between particles and smaller col-
lector droplets and thereby enhance the collection efficiency.
For example, Khain and Pinsky (1997) found that the collec-
tion efficiency was significantly enhanced due to turbulence
for droplet collectors of 240 µm in diameter and for particles
of 8–12 µm in diameter. Although Vohl et al. (2001) found no
enhancement of the collection efficiency for submicron par-
ticles collected by droplets with sizes between 692 µm and
5760 µm in diameter based on wind tunnel experiments, there
are substantial numbers of smaller raindrops (e.g.,<600 µm
in diameter) existing in medium to light rain due to below-
cloud evaporation and breakup of rain drops (see Table 2 and
Fig. 4).

Turbulence in the atmospheric boundary layer also drives
vertical diffusion, which can transfer some particles from the
subcloud layer upwards into the cloud layer where they are
then removed through in-cloud processes (Andronache et al.,
2006). Turbulence and vertical diffusion should have a larger
impact on raindrop scavenging of small particles than large
particles (e.g., Khain and Pinsky, 1997). This also explains
why the theoretical3 values agree quite well with most field
measurements for particles larger than 3 µm in diameter but
are as much as one to two orders of magnitude smaller for
particles smaller than 3 µm when compared to field mea-
surements (except for the controlled experiment of Sparma-
cher et al., 1993) (Fig. 8). More recently, Andronache et
al. (2006) developed a simplified scavenging model for ultra-
fine particles with diameters less than 0.01 µm that includes
below-cloud scavenging processes, mixing of ultrafine parti-
cles from the boundary layer into cloud, cloud condensation
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nuclei activation, and in-cloud removal by rainfall. They ap-
plied their model to the observed data of Laakso et al. (2003)
and found good agreement in the overall particle scaveng-
ing, suggesting the possible important roles of turbulent mix-
ing, cloud droplet activation, and in-cloud scavenging on the
observed below-cloud scavenging. The size-resolved3 val-
ues shown in Fig. 8 of Zhang et al. (2004), which were pro-
duced using a detailed cloud microphysics model (where the
droplet-particle collection mechanisms were similar to those
used in the theoretical3 parameterizations shown in Fig. 8,
but where the vertical diffusion process was also considered)
also seem to be much higher than the theoretical3 values
shown in the present study. More theoretical and field studies
are needed to better understand the particle removal mecha-
nisms so that the large discrepancies between theoretical and
observed results can be reduced.

The empirical formulas derived from measurements (Type
III) fit well to the data from which the formulas were gener-
ated but not necessarily to other data sets. The parameteri-
zation of Baklanov and Sorensen (2001) (see details in Ap-
pendix A2) overestimated the3 values for particles smaller
than 3 µm in diameter when compared with the measure-
ments of Laakso et al. (2003), Volken and Schumann (1993),
and Sparmacher et al. (1993). This parameterization treats
the 3 as a function of rainfall intensityR only and ne-
glects its dependence on particle size for particles smaller
than 2.8 µm (Appendix A2), whereas most measurements of
3 show a strong dependence on particle size (e.g., Fig. 8).
The empirical formula of Laakso et al. (2003) (see details
in Appendix A3) agrees well with most of the observational
data; however, this parameterization is only valid for parti-
cles with sizes of 0.01–0.5 µm and for rainfall intensities of
20 mm h−1 or less. Thus, this comparison also suggests that
current empirical parameterizations for3 need to be devel-
oped further and need to be verified against new sets of mea-
surement data across a wider range of different conditions.
New laboratory experiments under controlled conditions will
also be very useful to evaluate existing theoretical scaveng-
ing formulas (which only consider collection processes), es-
pecially considering that there is only one such experimental
data set currently. Collection of new field data under dif-
ferent rain conditions and other environmental conditions is
certainly also needed, considering the very small database on
this topic that is currently available. Note, however, that field
observation data may inherently include the influences of all
non-collection physical processes discussed above. The ex-
isting empirically-derived formulas based on field observa-
tions thus might not be applicable to large-scale models di-
rectly since non-collection physical processes have already
been included separately in these models.

5 Impacts of the various3 parameterizations on
below-cloud particle removal

The ultimate goal of parameterizing3 is to use the param-
eterization to predict particle mass and number concentra-
tion changes through the precipitation scavenging process in
aerosol transport models. We can expect uncertainties in rep-
resenting3 to introduce corresponding uncertainties on the
predicted particle concentrations. In this section, two dif-
ferent aerosol particle size distributions, representing marine
and urban aerosol populations, respectively, were taken as
examples to investigate the impact of different3 parameter-
izations on predicted particle concentrations. The initial size
distribution for each aerosol type was described as a sum
of three lognormal functions according to Jaenicke (1993).
The time evolution of the particle number and mass con-
centrations was then calculated by integrating Eq. (1) with
very small time steps (10 s) and a large number of size bins
(100) for both rain droplets (1 µm to 10 mm in diameter) and
aerosol particles (0.001 µm to 100 µm) with a constant vol-
ume ratio between successive size bins.

Figure 9 shows the time evolution of the bulk (i.e., inte-
grated over the entire particle size spectrum) particle num-
ber concentration and mass concentration for typical marine
and urban aerosol populations for a total rainfall of 5 mm for
three different rainfall intensities calculated using eight dif-
ferent3 parameterizations from Table 3. The particle con-
centrations have been normalized to their initial values (N0 of
202 and 1.37×105 cm−3, M0 of 16.1 and 101.7 µg m−3, re-
spectively). Note that different x-axis scales have been used
to accommodate the three different rainfall durations. The
six plain solid lines correspond to the six theoretical3 pa-
rameterizations and the two lines with symbols correspond
to the two empirical3 parameterizations. We can see that
for the same precipitation amount, 5 mm of rain, which is
equivalent to 50 h of rain at 0.1 mm h−1, 5 h at 1 mm h−1,
and 6 min at 50 mm h−1, the differences between predicted
bulk aerosol number and mass concentrations for different3

parameterizations (both theoretical and empirical) decrease
with increasing rainfall intensity. The reason is that the dif-
ferences in3 values decrease with increasing rainfall inten-
sity (see discussions in Sect. 3).

For the bulk number concentrations, the differences
among the six theoretical3 parameterizations are within 5%
after 2 mm of rain and within 10% after 5 mm of rain for
both marine and urban aerosols underR = 1 mm h−1 condi-
tion; these numbers are doubled underR = 0.1 mm h−1 con-
dition and reduced by half underR = 50 mm h−1 condition.
The two empirical3 parameterizations predict much faster
removal of small particles (dp<0.01 µm), which dominate
the bulk number concentration. The differences in the bulk
number concentrations between theoretical and empirical3

parameterizations can be larger than a factor of 2 after 2–
5 mm of rain underR = 1–50 mm h−1 conditions and larger
than a factor of 5 underR = 0.1 mm h−1 conditions (see the
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Fig. 9. Time evolution of the normalized bulk (i.e., integrated over the entire particle size spectrum) particle number concentration (first two
columns) and mass concentration (last two columns) for typical marine and urban aerosol populations for a total rainfall of 5 mm for three
different rainfall intensities, 0.1 mm h−1 (the first row), 1 mm h−1 (the second row), and 50 mm h−1 (the third row), calculated using eight
different3 parameterizations from Table 3. The particle number and mass concentrations are normalized to their initial values. Plain solid
lines denote theoretical3 parameterizations and lines with symbols denote empirical3 parameterizations.

first two columns in Fig. 9). For the bulk mass concentra-
tions, the differences among the different3 parameteriza-
tions (both theoretical and empirical) can also be as large as
a factor of 2 underR = 1–50 mm h−1 conditions and as large
as a factor of 5–15 underR = 0.1 mm h−1 condition after 2–
5 mm of rain (see last two columns in Fig. 9).

It is clear from Fig. 9 that the impacts of using different
3 parameterizations are quantitatively different for the bulk
number and mass concentrations. This is because the bulk
mass concentration is generally associated with large par-
ticles whereas the bulk number concentration is associated
with small particles, as can be seen from the initial particle
size distributions shown in Fig. 10. For both marine and ur-
ban aerosol distributions, particles smaller than 1 µm dom-
inate the bulk number concentration while particles larger
than 1 µm dominate the bulk mass concentration. Thus, un-

certainties in the3 parameterizations for particles smaller
than 1 µm contribute to the uncertainties in the predicted bulk
number concentration whereas uncertainties in3 for parti-
cles larger than 1 µm contribute to the uncertainties in the
predicted bulk mass concentration, as discussed above for
Fig. 9.

To confirm the above analysis, Fig. 10 shows the pre-
dicted size-resolved aerosol number and mass concentrations
after two hours of precipitation with a rainfall intensity of
1 mm h−1 (using the same conditions as in Fig. 9). It can be
seen that the largest differences from using different3 pa-
rameterizations are for ultrafine particles (dp<0.01 µm) and
for large particles (dp>3 µm). For particles in the 0.01 µm
to 3 µm diameter range, the differences are generally small,
except for the Baklanov and Sorensen (2001) empirical pa-
rameterization, which had much higher3 values than the rest
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Fig. 10. Predicted size-resolved number (upper row) and mass (lower row) concentrations using six theoretical and two empirical3 param-
eterizations for typical marine and urban aerosol populations after two hours of rain with a rainfall intensity of 1 mm h−1. Note that different
y-axis scales have been used.

Table 4. Percentage removal for three particle sizes (0.01, 0.1 and 1 µm) predicted based on three3 parameterizations after 5 mm of rain for
three rainfall intensities (50 h at 0.1 mm h−1, 5 h at 1 mm h−1, and 6 min at 50 mm h−1).

Rainfall Duration and Intensity 50 h at 0.1 mm h−1 5 h at 1 mm h−1 6 min at 50 mm h−1

3 Scheme\ Particle Size 0.01µm 0.1µm 1µm 0.01µm 0.1µm 1µm 0.01µm 0.1µm 1µm
Henzing et al. (2006) 7.1 0.7 0.3 3.4 0.3 0.1 1.0 0.1 0.04
Andronache et al. (2006) 32.2 5.1 4.6 13.1 1.9 1.8 2.6 0.4 0.4
Laakso et al. (2003) 100.0 72.2 91.6 78.4 17.2 30.5 60.5 10.9 20.0

of the parameterizations for this particle size range. For large
particles (3 µm<dp<10 µm), the scavenging is very efficient,
with 3 values around 10−4–10−3 s−1 for a rainfall intensity
of 1 mm h−1(see Fig. 8). A difference of a factor of 5 in3
values among the different3 parameterizations can lead to
a difference of a factor of>10 in the predicted size-resolved
aerosol particle concentration after 2 mm of rain (Fig. 10).
For very small particles (dp<0.01 µm), theoretical3 values
are an order of magnitude lower (around between 10−5 and
10−4 s−1) than those for large particles (Fig.8). As a result,
a difference of a factor of 3–5 in3 values results in differ-
ences of a factor of<2 in the predicted particle concentra-
tion after 2 mm of rain. For the same calculation, the empir-

ical 3 parameterizations can cause much larger differences
(e.g., a factor of∼10) in the predicted particle concentrations
for particles smaller than 0.01 µm due to the much higher3

values. For particles in the 0.01 to 3 µm diameter range, al-
though the differences in3 values may be as large as 2 or-
ders of magnitude, the resulting differences in the predicted
size-resolved particle concentrations are very small. This is
because the3 values in this size range are extremely small
(i.e., 10−7–10−5 s−1, Fig. 8), and thus, the below-cloud scav-
enging process plays an insignificant role during a light rain-
fall (e.g., 2 mm). However, in the case of very intense rainfall
(e.g.,R = 50 mmh−1) or cases of long-lasting rain with low or
moderate intensities (e.g.,R = 1–10 mm h−1), the scavenging
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Fig. 11. Percentage bias from using an integration time step of 20 min relative to the results obtained using a time step of 10 s. Two different
size-resolved3 parameterizations, one theoretical (Andronache et al., 2006) and one empirical (Laakso et al., 2003), were considered.
Rainfall intensityR was chosen to be 1 mm h−1. Results are shown for both explicit (solid lines) and implicit (dashed lines) time integration
schemes.

of particles in the 0.01 to 3 µm diameter range can become
important.

Table 4 shows the percentage of particles removed for
three particle sizes (0.01, 0.1, and 1 µm) after 5 mm of rain at
three different intensities (i.e., 50 h of rain at 0.1 mm h−1, 5 h
at 1 mm h−1, and 6 min at 50 mm h−1) based on two theoret-
ical 3 parameterizations (the one with the highest3 and the
one with the lowest3 from Fig. 8) and one empirical3 pa-
rameterization (Laakso et al., 2003). As can be seen from this
table, for the theoretical3 parameterizations, 5 mm of rain
removes only a small fraction (e.g.,<5%) of particles sizes
0.1–1 µm. However, for the empirical3 parameterization,
which is 1–2 orders of magnitude higher than the theoretical
schemes, 5 mm of rain can remove a very large fraction (e.g.,
10–90%) of particles in the 0.1–1 µm diameter range. In
the real world, the removal of particles from the atmosphere
would be a coupled process involving droplet-particle collec-
tion, vertical transport (diffusion) of particles to low clouds
and subsequent in-cloud removal, and many other processes
(as reflected in the observational data that were used for de-
riving the empirical3 formulas). Thus, precipitation scav-
enging can also be significant for particles in the 0.01-3 µm
diameter range, as well as for very small or very large par-
ticles, especially during heavy rain or long-lasting rain (e.g.,
�5 mm of rain).

The above discussions suggested that the scavenging
of very large particles (>3µm) and very small particles
(<0.01 µm) is a rapid process. This raises the question of
whether the integration time step and the integration method
employed above might introduce additional uncertainties in
the prediction of particle concentrations. As an example,
Fig. 11 shows the percentage bias of the calculated bulk par-
ticle number concentration and bulk particle mass concentra-
tion from using a time step of 20 min compared to the results
using a time step of 10 s. Results from both forward Euler
(explicit) and backward Euler (implicit) methods are shown

in the figure. Two different3 parameterizations were used
here as examples: Andronache et al. (2006), representing a
theoretical parameterization, and Laakso et al. (2003), rep-
resenting an empirical parameterization. Rainfall intensity
R was chosen to be 1 mm h−1. It can be seen that, in just
one 20-min integration time step, an error of>5% in mass
concentration is introduced. Note that the larger the time
step, the larger the errors will be. The explicit integration
method underestimates the mass concentration (because the
particle removed betweent andt+1t is based on concentra-
tion at timet) while the implicit method overestimates the
mass concentration (because the particle removed between
t and t+1t is based on concentration at timet+Et). It can
also be seen that the error caused by using a large integration
time step is larger for bulk particle mass concentration than
for bulk particle number concentration due to the difference
in 3 values for large and small particles.

6 Summary and conclusions

To identify the sources of uncertainties in the current theoret-
ical size-resolved3 parameterizations for below-cloud scav-
enging of particles by rain in atmospheric chemical trans-
port models, a detailed literature review and set of numeri-
cal sensitivity tests in a common framework have been con-
ducted in the present study. The largest uncertainties are
associated with the specification of raindrop-particle collec-
tion efficiency. It was found that the use of different formu-
lations for raindrop-particle collection efficiency can result
in differences in the size-resolved3 values of nearly one
to two orders of magnitude for particle diameters between
0.01-3 µm. Inclusion of the additional collection mecha-
nisms of thermophoresis, diffusiophoresis, and electrostatic
forces in the Slinn (1983) scheme for droplet-particle collec-
tion efficiency, however, can enhance predicted3 values by
nearly one order of magnitude for particle diameters between
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0.1–3 µm. Another large source of uncertainty arises from the
choice of raindrop number size distribution. Various raindrop
number size distributions can yield3 values that differ by a
factor of 3 to 5 depending on rainfall intensity and particle
size. The uncertainty in3 caused by choosing different rain-
drop terminal velocity formulations is also not negligible but
is generally smaller than a factor 2.

Most current theoretical size-resolved3 parameteriza-
tions predict3 values that agree with the available measure-
ments for particles larger than 3 µm in diameter. For par-
ticles smaller than 3 µm, however, most current theoretical
size-resolved3 parameterizations underpredict3 values by
up to two orders of magnitude in comparison with the ma-
jority of field measurements. The combined uncertainty due
to the use of different formulations of raindrop-particle col-
lection efficiency, raindrop number size spectrum, and rain-
drop terminal velocity in the current theoretical framework,
while considerable, is not sufficient to explain the large dis-
crepancies between the theoretical and measured3 values.
However, the large underprediction relative to most of the
field data was not seen in the comparison with data from
the controlled outdoor experiment reported by Sparmacher
et al. (1993). This suggests that the additional known physi-
cal processes (i.e, turbulent transport and mixing, cloud and
aerosol microphysics) that in general influence the field data
but that are not taken into account in the current theoretical3

calculation may be a major source of the differences between
the field and theoretical values. Thus, more laboratory ex-
periments under controlled conditions are needed to evaluate
the existing theoretical scavenging parameterizations. Fur-
ther collection of field data under different rain conditions
and other environmental conditions is certainly also needed,
considering the very small database that is currently available
on this topic. Moreover, numerical studies using comprehen-
sive cloud models with explicit aerosol horizontal and verti-
cal transport, turbulent diffusion, and detailed size-resolved
microphysics are also needed to evaluate the importance of
various terms and processes contributing to overall below-
cloud scavenging.

The two empirical size-resolved3 parameterizations that
were identified fit the field data from which they were gen-
erated well but do not necessarily fit other independent scav-
enging data sets well. In addition, they are only valid for a
specific range of particle sizes and they may only apply to
certain types of precipitation. Thus, more scavenging data
are also needed to develop and extend these empirical pa-
rameterizations and to evaluate them under different rainfall
conditions. Since the empirical parameterizations may in-
herently include the other non-collection physical processes
such as turbulent transport, they may not be appropriate for
use in large-scale chemical transport models where the non-
collection physical processes are already included separately.

Uncertainties in the3 parameterizations can cause large
differences in predicted bulk and size-resolved particle con-
centrations that are undergoing precipitation scavenging. For

particles between 0.01–3 µm in diameter, the differences in
the predicted particle concentrations due to the use of dif-
ferent theoretical3 parameterizations are generally small
(∼a few percent), except under conditions of long-lasting
precipitation, due to the very small3 values (�10−5 s−1)

predicted by the theoretical3 parameterizations. For parti-
cles smaller than 0.01 µm in diameter, the differences can be
substantial (up to a factor of 2 depending on particle size,
precipitation intensity, and precipitation amount). The dif-
ferences are largest (> factor of 10 after 2–5 mm of rain)
for particles larger than 3 µm due to the very large theoret-
ical 3 values (>10−4 s−1). If an empirical3 parameteri-
zation is used in place of a theoretical3 parameterization,
differences in predicted particle concentrations can be larger
than a factor of 2 for all particle sizes due to the very high
3 values predicted by empirical3 parameterizations for all
particle sizes. The predicted bulk mass concentrations can
differ by a factor of 2 between theoretical and empirical3

parameterizations or even among the different theoretical3

parameterizations after 2–5 mm of rain. The predicted bulk
number concentrations can also differ by a factor of 2 be-
tween theoretical and empirical3 parameterizations, how-
ever, the differences are generally within 10% among the dif-
ferent theoretical3 parameterizations under rain intensities
of 1–50 mm h−1 and within 20% if the rain intensities are as
small as 0.01 mm h−1.

Another uncertainty related to below-cloud particle scav-
enging in large-scale aerosol transport models is the choice
of the time step in the integration of the number or mass con-
tinuity equation. If the concentration changes substantially
over one model time step, then errors greater than 5% may be
introduced, particularly for very large particles (which con-
trol the bulk mass concentration), and very small particles
(which control the bulk number concentration) due to their
higher3 values.

Based on the results presented in this study, we can of-
fer the following hypothesis: “The scavenging coefficients
from the majority of field measurements that we examined
were obtained at heights close to the surface where turbu-
lence and vertical diffusion were strongest. These physical
processes could have substantially enhanced particle removal
both by increasing collection efficiency, and by transporting
some particles upwards where they could then be scavenged
by microphysical processes inside low clouds. These addi-
tional processes are likely to be the main cause of the large
discrepancy between the theoretical and the field-derived val-
ues”.

As a result, the empirical formulas for3 should be used
with great caution in aerosol transport models since many
additional processes that directly or indirectly contribute to
the particle removal have already been considered separately.
Current theoretical3 formulas can produce comparable3

values to those derived from controlled experiments (where
additional processes contributing to particle removal were
limited), and seem to be a reasonable choice for use in
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aerosol transport models. To construct a theoretical3 pa-
rameterization for use in aerosol transport models, we offer
three recommendations: (1) Choose the theoretical3 param-
eterization that produces the highest3 values for particles
in the 0.01-3 µm diameter range. Even the highest3 val-
ues produced from theoretical formulas are still more than
one order of magnitude smaller than the3 values derived
from “non-controlled” field measurements (although slightly
higher than the “controlled experiment”, which should be
reasonable considering that there are likely to be some pro-
cesses that are not considered separately in aerosol transport
models but that contribute to the particle scavenging pro-
cess). This argues for using the highest theoretical collec-
tion efficiency, E, which means including all known collec-
tion mechanisms, including thermophoresis, diffusiophore-
sis, electrostatic forces, and turbulent enhancement; (2) Al-
though a full droplet number size spectrum (the gamma func-
tion of de Wolf (2001) is preferred) is the best choice, the use
of a monodisperse distribution and representative drop size
in aerosol transport models should also be acceptable given
that the uncertainties from such an approach are of a similar
order of magnitude to those from other known or unknown
processes. However, if a full droplet number size spectrum is
used, then the theoretical formula of Beard (1976) is recom-
mended for use in the calculation of raindrop terminal veloc-
ities since this formula provides a good estimate over the full
range of raindrop sizes; (3) If in-cloud impaction scaveng-
ing is included, a different droplet number size spectrum (or
representative particle size) from that used for below-cloud
scavenging should be used since small droplets dominate
within clouds.

Appendix A

A1 Henzing et al. (2006) formula fitted from
comprehensive numerical simulation

Henzing et al. (2006) developed a simple parameteriza-
tion that represents below-cloud scavenging coefficients as
a function of aerosol particle size and rainfall intensity.
The parameterization is a simple three-parameter fit through
below-cloud scavenging coefficients calculated at high parti-
cle size resolution. The calculations were based on the con-
cept of collection efficiency between polydisperse aerosol
particles and raindrop distributions. Specifically, Slinn’s
semi-empirical formula was used for the raindrop-particle
collection efficiency. The gamma function fit of de Wolf
(2001) and the empirical formula of Atlas et al. (1973) were
applied to represent the raindrop size distribution and the ter-
minal fall velocity, respectively. The parameterization has
been applied in a global chemical transport model. The final
fitting function has the form

3
(
dp

)
= A0

(
eA1R

A2
−1

)
, (A1)

where the parametersA0, A1 andA2 are provided in a ta-
ble that is available athttp://www.knmi.nl/∼velthove/wet
deposition/coefficients.txt.

A2 Baklanov and Sorensen (2001) empirical parame-
terization

Baklanov and Sorensen (2001) suggested a simple parame-
terization representing scavenging rate as a function of rain-
fall intensity and aerosol particle size based on earlier exper-
iment data from several different groups:

3(rp) = (A2)


a0R

0.79

(b0+b1rp +b2r
2
p +b3r

3
p)f (R)

f (R)

rp ≺ 1.4µm

1.4µm≺ rp ≺ 10µm
rp � 10µm

,

and

f (R) = a1R+a2R
2, (A3)

where rp is particle radius (in µm),a0 = 8.4×10−5,
a1 = 2.7×10−4, a2 =−3.618×10−6, b0 =−0.1483,
b1 = 0.3220133,b2 =−3.0062×10−2, b3 = 9.34458×10−4,
andR is rainfall intensity (in mm h−1). The parameterization
has been incorporated into the Danish Emergency Response
Model of the Atmosphere (DERMA).

A3 Laakso et al. (2003) empirical parameterization

Laakso et al. (2003) suggested a parameterization for3(dp)

based on their analysis of six years of field measurements
over forests in southern Finland:

log103
(
dp

)
= (A4)

a1+a2[log10dp]
−4

+a3[log10dp]
−3

+a4[log10dp]
−2

+

a5[log10dp]
−1

+a6R
1/2,

where dp is particle diameter (in m), a1=274.35758,
a2=332839.59273, a3=226656.57259, a4=58005.91340,
a5=6588.38582, a6=0.244984, R is rainfall intensity (in
mm h−1). The formula is valid only for limited ranges
of particle diameters 0.01- 0.5 µm and for rain intensities
0-20 mm h−1.
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Appendix B

Nomenclature

Cc Cunningham correction factor
cp heat capacity of air (m2 s−2 K−1)

dp particle diameter (m)
Dp raindrop diameter (m)
D̄p mean raindrop diameter of lognormal spectra (m)
Dr representative diameter of monodisperse
raindrop spectra (m)
Ddiff particle Brownian diffusivity coefficient (m2 s−1)

Ddiffwater water vapour diffusivity in air (m2 s−1)

E(dp,Dp) overall collection efficiency
Eth(dp,Dp) collection efficiency due to thermophoresis
Edph(dp,Dp) collection efficiency due to diffusiophoresis
Ees(dp,Dp) collection efficiency due to charge effect
g Acceleration of gravity (m s−2)

ka thermal conductivity of air (J m−1 s−1 K−1)

kp thermal conductivity of particle (J m−1 s−1 K−1)

kb Boltzmann constant (J K−1)

Ma air molecular weight
Mw water vapour molecular weight
N(Dp) raindrop number size distribution (m−4)

N0e parameter for exponential raindrop size
distribution (m−4)

N0g parameter for gamma raindrop size

distribution (m−γ−1 m−3)

Ntotal total number concentration of raindrops (m−3)

P atmospheric pressure (Pa)
Pr Prandtl number for air
P 0

a vapour pressure of water at temperature Ta (Pa)
P 0

s vapour pressure of water at temperature Ts (Pa)
Qr mean charge of a raindrop (C)

qp mean charge of a particle (C)
R rainfall intensity (mmh−1)

Re raindrop Reynolds number
RH relative humidity (%)
Sc particle Schmidt number
Scw Schmidt number for water in air
St particle Stokes number
St∗ critical Stokes number of particle
Ta air temperature (K)
Ts temperature of the raindrop surface (K)
v(dp) particle terminal velocity (m s−1)

V (Dp) raindrop terminal velocity (m s−1)

βg slope parameter for gamma raindrop size
distribution
βe slope parameter for exponential raindrop
size distribution
γ shape parameter for gamma raindrop size
distribution
λ mean free path of air molecules (m)
3(dp) size-resolved scavenging coefficient of
particle (s−1)
µa air viscosity (kg m−1 s−1)
µw water viscosity (kg m−1 s−1)

ρa air density (kg m−3)

ρp particle density (kg m−3)

ρw water density (kg m−3)

σD standard deviation of lognormal raindrop
size distribution
τ characteristic relaxation time of particle (s)
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