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Abstract. Current theoretical and empirical size-resolved 1 Introduction

parameterizations of the scavenging coefficiént @& param-

eter commonly used in aerosol transport models to describ®recipitation scavenging of atmospheric aerosol particles is
below-cloud particle scavenging by rain, have been reviewedin important removal process that should be included in at-
in detail and compared with available field and laboratory mospheric chemical transport models (CTMs) that simulate
measurements. Use of different formulations for raindrop-aerosol particle number and/or mass concentrations. A pa-
particle collection efficiency can cause uncertainties in sizetameter known as the scavenging coefficiefy fas been
resolved A values of one to two orders of magnitude for used in the aerosol mass continuity equation in those models
particles in the 0.01-3 um diameter range. Use of differentto represent below-cloud particle scavenging (Seinfeld and
formulations of raindrop number size distribution can causePandis, 2006). Earlier CTMs only dealt with bulk aerosol
A values to vary by a factor of 3 to 5 for all particle sizes. mass without the complexity of size-resolved number and
The uncertainty inA caused by the use of different droplet mass concentrations (Baklanov, 1999; Rasch et al., 2000;
terminal velocity formulations is generally small than a fac- and Jacobson, 2003, and references therein). In these mod-
tor of 2. The combined uncertainty due to the use of dif- els, A for bulk mass was commonly parameterized as a func-
ferent formulations of raindrop-particle collection efficiency, tion of rainfall intensity (e.g.A = AR?, whereR is rainfall
raindrop size spectrum, and raindrop terminal velocity in theintensity andA and B are empirical constants) (Balkanski
current theoretical framework is not sufficient to explain the et al., 1993; Mircea et al., 2000; Baklanov and Sorensen,
one to two order of magnitude under-predictionfofor the 2001; Andronache, 2003). Recently developed atmospheric
theoretical calculations relative to the majority of field mea- aerosol CTMs, on the other hand, explicitly consider size-
surements. These large discrepancies are likely caused bysolved aerosol number and mass concentrations, where
additional known physical processes (i.e, turbulent transports expressed as a function of the particle size (e.g., Gong et
and mixing, cloud and aerosol microphysics) that influenceal., 2003; Loosmore and Cederwall, 2004; Henzing et al.,
field data but that are not considered in current theoreticaR006, Tost et al., 2006; Croft et al., 2009). Model inter-
A parameterizations. The predicted size-resolved particleeomparisons have shown that both bulk and size-resolved
concentrations using different theoretidaparameterization  precipitation scavenging parameterizations have large uncer-
can differ by up to a factor of 2 for particles smaller than tainties (Rasch et al., 2000; Textor et al., 2006).

0.01 um and by a factor of 10 for particles larger than 3 um Both theoretical and empirical size-resolv&garameter-
after 2-5mm of rain. The predicted bulk mass and numbelizations exist in the literature. In the theoreticalparam-
concentrations (integrated over the particle size distribution)eterizations, three component parameterizations are needed
can differ by a factor of 2 between theoretical and empiri- for raindrop-particle collection efficiency, raindrop number
cal A parameterizations after 2-5 mm of moderate intensitysize distribution, and raindrop terminal fall velocity. In the
rainfall. past few decades, a significant number of theoretical and
experimental studies have been carried out to investigate
and these related components (see reviews in Zhang and Vet,

Correspondence td:. Zhang 2006; Sportisse, 2007). A number of different analytical, em-
BY (leiming.zhang@ec.gc.ca) pirical, or semi-empirical formulas have also been developed
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to describe these scavenging components. However, due  Theory of below-cloud precipitation scavenging of
the natural variability of raindrop populations and the com-  particles

plexity of microphysical collection processes between parti-

cles and raindrops, there has not been any community agredhe time-dependent removal of aerosol particles by precipi-
ment or consensus as to which formula should be used for th&ation is commonly described in CTMs as (Seinfeld and Pan-
above-mentioned components needed in the calculation oflis, 2006)

A. For example, the raindrop-particle collection efficiency

can be obtained by solving the Navier-Stokes equation fordn (1)
the air flow around a water drop. It is, however, difficult to 97

obtain a theoretical solution of the Navier-Stokes equationyneren (1) is the particle number concentration at timend
for the collision efficiency because of the complicated flow the scavenging coefficient has units of inverse time. For
field around the falling drops (e.g., Pruppacher and Klett, cTMs that treat size-resolved aerosol particlasshould

1997). Various collection mechanisms have thus proposegsg pe a function of particle size. The size-resolveds
to be included in the calculation of the total collection effi- narameterized as

ciency (see detailed discussion in Sect. 2.1). There also exist
various forms of raindrop number size distribution functions A (d,,) = @)
(e.g., exponential, gamma, and lognormal distributions as d(;-/oo

=—A-n(@), (1)

Z (Dp+dy)*(V(Dy) = v(dp)) E(dp, Dp) N(D,)d Dy,

scribed in Sect. 2.2) and formulations for raindrop terminal 2

velocity (Sect. 2.3). Different choices have been made by’°
different modelling groups but no systematic uncertainty as-whered, and D, denote particle and raindrop diameters,
sessment has been done on the sensitivity td the choice respectively,N (D,) is the raindrop number size distribu-
of these input parameters. As for empirically-derived for- tion or size spectrum, and(D,) andv(d,) are the termi-
mulas (e.g., Laakso et al., 2003), while these formulas fitnal velocities of raindrop and aerosol particles, respectively.
the data set from which they were derived well, they might £(4,,, D,,) is the raindrop-particle collection efficiency, a di-
not fit other data sets very well. Therefore, a systematicmensionless parameter that is defined as the ratio of the total
investigation of the uncertainties in the current theoreticalnumber of collisions occurring between a raindrop and par-
and empirical-derived size-resolved parameterizations is ticles to the total number of particles in an area equal to the
needed in order to improve atmospheric aerosol CTMs.  raindrop’s effective cross-sectional area (Slinn, 1983; Prup-
In the present study, theoretical and empirical size-pacher and Klett, 1997; Seinfeld and Pandis, 2006). Usually
resolvedA parameterizations are reviewed, compared, anche collection efficiency is assumed to be equal with the col-
evaluated in a common framework using available measurelision efficiency (Slinn, 1983); that is, the collision between a
ments. BulkA formulas will not be discussed here. In Sec- particle and a raindrop is assumed to result in perfect sticking
tion 2, the theory underpinning the theoretigaparameter-  (the sticking efficiency is unity). This assumption seems rea-
izations is briefly described. Section 3 then discusses thegonable foﬂp/Dp «1 (Pruppacher and Klett, 1997). Equa-
uncertainties in the theoretical parameterizations caused tion (2) shows that the main factors affecting size-resolved
by the use of different forms of the three component param-nclude raindrop-particle collection efficiency, raindrop num-
eterizations: raindrop-particle collection efficiency; raindrop per size distribution, and raindrop terminal velocity. A dis-
number size distribution; and raindrop terminal fall veloc- cussion about how these factors can be determined follows.
ity. In Section 4, both theoretical and empirical size-resolved
A parameterizations are evaluated against available measurg:1 Raindrop-particle collection efficiencyE (d,,, D)
ments. Section 5 provides examples of the impacts of dif-
ferent theoretical and empirical parameterizations on pre- The raindrop-particle collection efficienc¥(d,,D,) has
dicted bulk and size-resolved aerosol number and mass corbeen investigated extensively in a series of previous studies
centrations after a short period of precipitation. Lastly, Sec-(e.g., Wang and Pruppacher, 1977; Grover and Pruppacher,
tion 6 closes the paper with further discussions and conclu41985; Slinn, 1983; Pruppacher and Klett, 1997; Pinsky and
sions. Khain, 2001). Both experimental and theoretical results have
shown thatE(d,, D,) 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 radiuédplz) 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-particles in the 0.0£1 um diameter range (e.g., Slinn and
tial impaction are closely related, but interception occurs asHales, 1971; Grover et al., 1977; Wang et al., 1978; Mc-
a result of particle size neglecting its mass, while inertial im- Gann and Jennings, 1991; Byrne and Jennings, 1993; Prane-
paction is due to particle mass neglecting its size (Seinfeldsha and Kamra, 1997; Tripathi and Harrison, 2001; Tins-
and Pandis, 2006). ley et al., 2000; Jaworek et al., 2002; Andronache, 2004;
Brownian diffusion, interception, and inertial impaction Chate, 2005; Andronache et al., 2006). Thermophoresis,
are believed to be three most important collection mechawhich is caused by uneven heating of particles in ambi-
nisms for below-cloud particle scavenging. However, accu-ent temperature gradients, drives particles towards evaporat-
rate prediction of the contribution of each collection mecha-ing and sublimating hydrometeors. Diffusiophoresis moves
nism to the overalE(d,, D) is still very difficult due to the  particles towards diffusionally-growing hydrometeors due to
complicated flow patterns around the falling droplet. In prac-water vapour concentration gradients (Chate, 2005). Accord-
tical application, various simplified or empirical formulas for ing to Andronache et al. (2006), the thermophoretic and dif-
E(d,,D,) have been induced. Slinn (1983) proposed a for-fusiophoretic contributions t&(d,, D,) can be expressed,
mula for E(d,, D,) by using dimensional analysis coupled respectively, as follows:
with experimental data. Based on Slinn (1983), we use the » (2+0 6Re1/2Pr1/3)(T T
formula for E(dp, Dp) that is summarized by Seinfeld and (dy.D,)= th : a—1s @)

Pandis (2006: see Eq. 20.56): V(D,)D, ’
4 12 ¢,.13 1Y2¢.1/2
E(dp, D))= m[l—i—OARe 125c43 1-0.16ReM25cY ] B (2 +o.6Re1/25¢§/3) (gj _ PETRH)
Edh(d,D)= : AN )
32 PRt V(D,)D

Dy | iw D, St—Sr*+2/3) where
where o 2C. (ka+51/Dpkp)ka pr_ Cpha
Re:w Sc= Ha Dyiff = kpTaCe " 5P(1+6)‘/Dl’) (2k0+kp+10)‘/DPkp)7 ka

21y 0a Duiff 377//Ladp D m
— La Ddiffwater LA andsS — Ha .

St 2t (V(DP) - U(dp)) (/OP - pu)d§C¢ ﬂdph P M Cw Pa Ddiffwater

= . T==—T,

D, 18u, The contribution of electric charge to the collection effi-
1.2+ LIn(1+ Re) ciency is based on the concept that a raindrop with a charge
*_ 012 , Q, attracts an aerosol particle with an opposite chayge
1+In(1+Re) and this process enhances the capture efficiency by the rain-
d, drop of aerosol particles close to the raindrop’s surface (An-
Ce=1+-~(1.257+0.4exp| —0.55-" ) ). dronache, 2004). The electrostatic collection efficiency is
’ . . ) expressed as

and all symbols are defined in Appendix B (Nomenclature).

The first term in Eq. (3) represents Brownian diffusion, 16K C:0rqp

Eos (dp, D)) (6)

the second term represents interception, and the third term B 3n,uaV(D,,)D[2,dp’

represents inertial impaction. Note that the third term is in-

cluded only when the Stokes numb&i(is greater than the Where K =9x10° (in Nm? C™2) and Q, andg, are the
critical Stokes numberSt). The third term is also valid mean charges on the raindrop and on the aerosol particle (in
as written only for aerosol particles with a density of 1 g Coulomb, C) and are assumed to be of opposite sign. A pa-
cm~3: otherwise, this term should be scaled (W/pw)llz rameterization with respect to size has been proposed for the

(Slinn, 1983: Seinfeld and Pandis, 2006). The above for-Mean raindrop and particle charges:
mula for E (d,,, D) has been widely used in current parame- 0
terizations for below-cloud particle scavenging by rain (e.g.,
Mircea et al., 2000; Chate et al., 2003; Chate, 2005; An-whereq =0.83x10~¢ anda (C m2) is an empirical param-
dronache, 2003, Andronache et al., 2006, Gong et al., Zoogeter that can vary between 0, which Corresponds to neu-
Loosmore and Cederwall, 2004; Tost et al., 2006; Henzing etral particles, and 7, which corresponds to highly electrified

al., 2006; Feng, 2007). clouds associated with thunderstorms (Andronache, 2004;
Theoretically, Slinn’s formula is likely to underestimate andronache et al., 2006).

E(d,, D)) 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 increfse,, D,) for

= aaDlz,, andg, = aadi, (7)
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2.2 Raindrop number size distribution N (D) etal., 2006). This is due to the fact that the exponential func-
tion (see Eq. 8) generally includes a fixed intercept param-

Detailed information about the raindrop number size dis-eter Ng, that predicts maximum droplet number concentra-
tribution is essential for understanding the mechanism oftion for droplet sizes approaching zero. However, many elec-
below-cloud particle scavenging, estimating the scavengingromechanical disdrometer observations and theoretical stud-
coefficient A, and improving microphysical parameteriza- ies have shown that the intercept parameter is far from con-
tions in numerical weather models and CTMs. Since the pi-stant and depends systematically on precipitation type, rain-
oneering studies of Marshall and Palmer (1948), extensivdall intensity, and stage of precipitation development (e.g.,
research has been devoted to modeling the raindrop size disaldvogel, 1974; Sauvageot and Lacaux ,1995; Zhang et al.,
tribution (e.g., Ulbrich 1983; Feingold and Levin 1986), and 2008).
various mathematical functions have been proposed to fit the These three distribution functions have all been used in
observed number distributions for raindrops. However, al-the parameterization of size-resolved below-cloud scaveng-
most no guidance is available to recommend a specific funcing. Since this type of parameterization considers the full
tion and its parameters for use in characterizing natural rainset of interactions between the size spectra of raindrops and
drop size spectra because various factors such as rainfall iraerosol particles, the numerical calculatiomois very com-
tensity, precipitation type (e.g., stratiform rain, convective plex and computationally intensive. To reduce the compu-
rain, thunderstorm), and the stage of rain development altational burden, some large-scale atmospheric models repre-
contribute to the formation and evolution of the raindrop size sent the raindrop size spectrum with a representative raindrop
distribution (e.g., Waldvogel, 1974; Sauvageot and LacauxdiameterD, (i.e., a monodisperse distribution), generally the
1995; Brandes et al., 2006; Zhang et al., 2008). median volume diameter (e.g., Gong et al., 2003; Gong et

At present, the main mathematical functions used to repreal., 2006; Loosmore and Cederwall, 2004; Tost et al., 2006).
sent the raindrop number size distribution can be divided intoSince all raindrops are assumed to have the same diameter
three types based on their formulas: exponential distribution;D,, the integral form of Eq. (2) can then be simplified to
gamma distribution; and lognormal distribution. The expo- T
nential distribution is generally written as (e.g., Marshall and A (dp) = ZDEV(Dr)E (dp.Dy) Niotal - (11)
Palmer, 1948)

As the rainfall intensityR (inmms1) can be defined by the

N(Dp) = No.exp(—B.D)), (8)  formula
o
where Ng, is the intercept parameter arid is a slope pa- R :/ ZDI?;V(DP)N(Dp)dDP, (12)
rameter. The general form of the gamma distribution can be o 6
written as (e.g., Ulbrich, 1983) then for a monodisperse raindrop number size spectrum, the
y rainfall intensity can be written as

N(Dp) = NogDpexp(—BgDp) 9) N

: . ___ R==DV(Dy)Noal (13)
Here Ny, is a number concentration parameteis a distri- 6

bution shape parameter, afid is a slope term sensitive to  Combining Egs. (11) and (13)\ can then be rewritten for a
the larger particles. The general form of the lognormal dis-monodisperse raindrop size spectrum as
tribution can be written as (e.g., Feingold and Levin, 1986;

Cerro et al,1997) _S8E (dp.Dy)R

A(dy) > b (14)

2.3 Raindrop terminal velocity V(D))

= \2
N (Dp) Niotal ox |:_ (IogDp — |OgDp) :| . (10)

V27 D,logop 2log?op
_ The terminal fall velocity of a raindrop is another parameter

where Nyotal is the total droplet number density, is the  thatis included in the formula of the below-cloud scavenging
mean droplet diameter, arg, is the droplet-diameter stan- coefficient (see Eq. 2). Two general approaches have been
dard deviation. These three parameters of the lognormaémployed to describe raindrop terminal velocity in below-
function are expressed as functions of rainfall intensity. cloud scavenging parameterizations: (1) empirical formulas

In comparison with the exponential distribution, the derived directly from experimental data and (2) physically-
gamma and lognormal distributions are usually better at repbased parameterizations. Table 1 lists some commonly used
resenting the characteristics of observed raindrop size distriempirical formulas for the terminal velocity of falling rain-
butions at the small-raindrop end (e.g., Ulbrich, 1983; Willis, drops.
1984; Feingold and Levin, 1986; Cerro et al., 1997; Mircea Physically-based formulas usually divide the population
and Stefan, 1998; Mircea et al., 2000; de Wolf, 2001; Bringi of raindrops into several size ranges that correspond to dif-
et al., 2003; Brandes et al. 2004; Bae et al., 2006; Henzinderent, physically-distinct flow regimes (e.g., Beard, 1976;
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Table 1. Parameterizations for raindrop terminal velocity (in ciits

Source Approximate formula
Kessler (1969) V(Dp) = 1300095
Atlas and Ulbrich (1977) V(D) =1767DY57
Willis (1984) V(D)) =4854D ,exp(—1.95D))
1.14
Best (1950) V(D)= 958[1— exp(— (%’71) 7)]
Atlas et al. (1973) V(Dp) =965—1030exg—6D )
Brandes et al. (2002) V(D)) = —10.21+4932D, —9551D3 + 7934D3 —2362D

HereD, is in centimeters.

Seinfeld and Pandis, 2006; Jacobson, 2005). Different for- ¢

mulas are employed in different ranges. In the present study, T e auston Raindrop diameter = 1 mm
we follow the theoretical formula of Beard (1976) for the 10|~ - et meacton oo
most calculations. Beard’s scheme assigns each raindrop | Thermophoresis (Ta-Ts = 3°C)
. .. . , 10" H Charge (a =2)
to one of three physically-distinct flow regimes: Stokes'’s ~ — Total
regime (0,<20um or Re<0.01); the transitional regime 3
(20um<D,<1mm or 0.0Re<300); and Newton'sregime &
(I mm<D,<7mm or 306<Re<4000). For raindrops in =
Stokes’s regime, the Beard scheme explicitly calculates the §
terminal velocities using Stokes’s formula %
(@]
D5 (puw— pa)8Ce

V(D) =—-"L"——""—, 15

(D) . (15)
wherep, is air density,, is water density, 4lis air viscosity,

g is the gravitational constanD,, is the raindrop diameter,
and C, is the Cunningham correction factor. However, for

larger raindrops R, >20 um orRe>0.01), the Stokes’s for- Fig. 1. Contributions of various collection processes to the collec-

mula s no Ipnger Va',"?' and thgre are no explicit expressions;,, efficiencyE (dp, Dp) as a function of the aerosol particle size
for the terminal velocities. In this case, the Beard scheme caltqy 4 raindrop with diameter of 1 mm.

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 Reynold
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 relationﬁo‘,S discussed in Sect. 2.1the raindrop-p.article co!lection effi-
ciencyE(d,, Dp) is controlled by many different microphys-

for the Reynolds number in terms of the Best number are ; L SR
given by Beard (1976) and Jacobson (2005). ical processes. Figure 1 shows the cqntrlb_utlons of six micro-
physical processes #(d,, D)) for a wide size range of par-
ticles collected by a raindrop 1 mm in diameter. Calculations
3 Sensitivity of theoretical A parameterizations to are performed based on Egs. (3) to (6), where (a) raindrop
different input-parameter formulations terminal velocities/ (D) are computed from the theoretical
formula of Beard (1976), (b) a<&€ temperature difference
As described in Sect. 2, there exist a number of differenthas been assumed between the raindrop and ambient air to
formulas for raindrop-particle collection efficiency, raindrop calculate the thermophoretic and diffusiophoretic collection
number size distribution, and raindrop terminal velocity, the efficiencies (Slinn and Shen, 1970; Slinn and Hales, 1971;
three input parameters needed to calculate size-resdlved and Chate, 2005), and (@)= 2 has been assumed for aver-
(see Eq. 2). This section focuses on investigating the sensiage conditions of electrified clouds to calculate electrostatic
tivity of A to these different input-parameter formulas. collection efficiency (Andronache, 2004).

Clearly, the contribution of Brownian diffusion decreases
rapidly as particle size increases. It is the most important

Aerosol diameter, d (um )

3.1 Sensitivity to collection efficiency
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Fig. 2. Total collection efficiencyE(d,, D)) (contoured) taking ~ Fig. 3. Scavenging coefficients determined with six different col-

into account the contributions of all of the processes shown in Fig. 1lection efficiency parameterlzatlcins as a function of particle size

as a function of both particle diameter and raindrop diameter. for rainfall intensities of 0.1 mmnt (dashed line) and 10 mnT#
(solid line).

collection mechanism for smaller particles, particularly ultra- ) ] )
fine particles{,<0.01 um), but it contributes little for super-  Figure 2 shows a contour plot of raindrop-particle collec-
micron particles. Inertial impaction, by contrast, can only oc- fion efficiency as a function of both raindrop and particle size
cur for particles with a Stokes numbét( above the critical calcula?ed_ using the same con.dmons. as in Fig. 1. Itis clt_aar
Stokes numberSt), which is close to 1.2 (Phillips and Kaye, from th|.s f|gur_e that th_e collection eff|C|en(_:y decreases with
1999; Loosmore and Cederwall, 2004); the correspondingncreasing raindrop size for aerosol particles §maller than
threshold diameter is close to 3 um for unit-density particles3 HM in diameter. The reason is that the dominant collec-
and a 1 mm raindrop. It is worth noting that the influence of tion mechanisms for these particles (i.e., Brownian diffusion
particle density on raindrop-particle collection efficiency is for ultrafine particlesd, <0.01 um), and Brownian diffusion, -
very small. This is because the density factor has a squardnterception, thermophoresis, diffusiophoresis, and electric
root dependence on aerosol densit,yp(@w)l/z) and only charges for aerosol part!cles with .dlamete'rs petween 0.01-
affects inertial impaction. Figure 1 shows that the contribu-3HM) become less efficient as raindrop size increases (see
tion of inertial impaction dominateg (d,, D,) for particles ~ EQs- 3-6). This can be explained by the larg&iD),) of
larger than 3.5 um. The contribution of interception increaseghe larger particles, which increasBg and thus reduces
with increasing particle size and appears to be important forf (4p, Dp) (s€€ Eq. 3). In contrast, the collection efficiency
particles in the 1 to 3.5 um diameter range. Thermophoresidor large particlesd, >3 um) is not very sensitive to raindrop
makes a comparable contribution to Brownian diffusion for size. This is due to the fact that inertial impaction dominates
particles withd,, between 0.1 and 1 um. The contribution of collection in_this size_ range, and this process has little depen-
diffusiophoresis is smaller than that of thermophoresis for alldence on raindrop size (see Eq. 3). _
particle sizes. Finally, the contribution from electric charges Figure 3 shows the sensitivity of the size-resolved scav-
increases with particle size and is dominant for particles with€nging coefficient to differenk (d,, D) parameterizations
d, between 0.3 and 3.5 um., for two different 'ralnfaII.|ntenS|t|es, 0.1 'and 10 mmh
Because of the combined action of the microphysical pro-baSEd on cal_culatlon_s using Eqg. 2. The raindrop te_rmmal ve-
cesses discussed above, total raindrop-particle collection efoCity and raindrop size spectrum were parameterized using
ficiency varies significantly for different particle sizes. Fig. 1 the Beard scheme and the Marshall-Paimer (MP) distribu-
indicates that the collection efficiency is highest for ultrafine fion, respectively. Figure 3 indicates that the addition of the
particles €,<0.01um) due to Brownian diffusion and for collection processes of thermophoress, dlffusmphorgsm, and
large particles d,>3um) due to inertial impaction. How- electrost_atlc forces in the Slinn (1983) scheme can increase
ever, for particles in the diameter range from 0.01 to 3 um,the predictedA values by nearly one order of magnificent
although more of these mechanisms, i.e., Brownian diffu-for particles with diameters between 0.1-3um. For larger
sion, interception, diffusiophoresis, thermophoresis and elecParticles, these processes have much less effect since inertial
tric charges, play a role in the collection process, the overalfmpaction dominates over the other mechanisms.
magnitude ofE (dp,, D) is very low (<1072).
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4 (@) o (b)

10 10
m—MP —EXpoN.
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Fig. 4. Eight different raindrop number size distributions for rainfall intensitiegadfR =0.1mmt1, and(b) R=10mmh 1 MP —
Marshall and Palmer (1948); JD — Joss et al. (1968) drizzle conditions; JT — Joss et al. (1968) thunderstorm conditions; ZH — Zhang et
al. (2008); DE — de Wolf (2001); W84 — Willis (1984); FL — Feingold and Levin (1986); and CE — Cerro et al. (1997).

Also shown in Fig. 3 areE(d,, D,) profiles calculated their treatments of inertial impaction. The results presented
based on alternate schemes described by Park et al. (2008) Fig. 3 thus suggest that the parameterization of collection
and Croft et al. (2009), respectively. The scheme for collec-efficiency between aerosol particles and falling raindrops is
tion efficiency given in Park et al. (2005) considers the col-an important source of uncertainty in the calculation of the
lection mechanisms of Brownian diffusion, interception, and size-resolved scavenging coefficient, particularly for particle
inertial impaction. The Brownian diffusion and interception diameters between 0.01 and 3 um.
formulas are based on Jung and Lee (1998) and the treatment Note that many early studies used a constant collec-
of inertial impaction comes from Calvert (1984). By con- tion efficiency in parameterizeing. (Scott, 1982; Mircea
trast, Croft et al. (2009) divided the raindrop collectors andand Stefan, 1998), so for comparison purposes one con-
the collected particles into different size ranges (€300, stant collection efficiency is also shown in Fig. 3. Since
30042, 42—10<10 um for collectors;10, 10-0.5,0.5-0.2, raindrops are generally much bigger than aerosol particles
<0.2 pm for collected particles) and calculated the collectionand raindrop terminal velocities are generally much bigger
efficiencies between collectors and collected particles of dif-than particle settling velocities, the,, +d,)? = DIZ, and
ferent sizes using a look-up table modified from Hall (1980). V(D ,)>v(d,,) so thatE(d,,, D) becomes the only parame-
The modifications included incorporating additional collec- ter in Eq. (2) that is a function of the collected particle diam-
tion efficiency data from Wang et al. (1978), representingeterd,. Therefore, ifE(d,, D) is assumed to be a constant
Brownian diffusion collection for small collector/collected- for a given raindrop size distribution, then will be close
particle pairs according to Young (1993), and adopting inter-to a constant for all particle sizes and will only change with
polated values (between the values of calculated Browniamainfall intensity R. Clearly, this method does not reflect the
diffusion and the values from the original look-up table) for reality evident in Fig. 3 since it neglects the dependence of
certain size ranges of collector/collected particles. below-cloud scavenging processes on particle size.

The differences im values in Fig. 3 between the Park et 3.2 Sensitivity to raindrop number size distribution
al. (2005) and Slinn (1983) schemes are small (i.e., within a
factor of 2-5) for particles smaller than 0.05um and largerAs discussed in Sect. 2.2, a number of different empirical for-
than 5um in diameter. However, the differences can be asnulas for the raindrop number size spectrum have been used
large as two orders of magnitude for particles in the 1-4 umin theoreticalA parameterizations in previous studies. To in-
diameter range. The much larg&rvalues predicted by the vestigate the sensitivity ok to the choice of raindrop size
Park et al. (2005) scheme for this size range are caused bgpectrum, eight empirical formulas were selected to calcu-
neglect of the critical Stokes number threshold in the inertiallate A using Eq. (2). As shown in Fig. 4, these included four
impaction mechanism. Th& values derived from the Croft exponential distributions (MP, JD, JT and ZH), two gamma
et al. (2009) scheme are smaller by a factor of 2-5 from thedistributions (DE and W84), and two lognormal distribu-
Slinn (1983) scheme for particles smaller than 2 um in diam-tions (FL and CE). An immediate observation from Fig. 4
eter, larger by 1-2 orders of magnitude for particles arounds that the four exponential distributions yield greater num-
3um, and very similar for particles larger than 10 um. Thebers of small droplets compared to the other distributions.
large differences between Croft's and Slinn’s parameteriza+or example, according to Table 2 the percentage of droplets
tions between 2 and 10 um were also caused by differences ismaller than 0.1 mm in diameter for the MP distribution is

www.atmos-chem-phys.net/10/5685/2010/ Atmos. Chem. Phys., 10, 56852010



5692 X. Wang et al.: Uncertainty assessment of current size-resolved parameterizations

} (@) § (b)
107 107
WP —Expon.
— JD -Expon

R=10 mmh™*
10

-4
10
—=— AURAMS-Monodisperse

——_ LC-Monodisperse

10°

10°

107

Scavenging coefficient (s'l)
=
o

10° 10°

10° 107 10t 10° 10' 10° 10° 10 107 10° 10* 10°
Aerosol Diameter, d (um ) Aerosol Diameter, d (um)

Fig. 5. Scavenging coefficients as a function of particle size derived from 10 different raindrop number size distributions for rainfall intensities
of (3) R=0.1mmHh 1 and(b) R=10mmh: MP — Marshall and Palmer (1948); JD — Joss et al. (1968) drizzle conditions; JT — Joss et
al. (1968) thunderstorm conditions; ZH — Zhang et al. (2008); DE — de Wolf (2001); W84 — Willis (1984); FL — Feingold and Levin (1986);
CE —Cerro et al. (1997); AURAMS-Monodisperse — Gong et al. (2006); and LC-Monodisperse — Loosmore and Cederwall (2004).

Table 2. Total droplet number concentratiaN;qt4), 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)
mmirl Vo™ %) S O) N (M) 1) f2(%) Now(mP) f1(%6)  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 1937.8 335 66.5 145.8 0.3 99.7 1715 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 3315 0.0 100.0
50 4416.1 16.4 83.6 566.5 0.0 100.0 4055 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.
fo is the percentage of the number concentration with the raindrop diameter between 0.1 to 6 mm.

>65% in drizzle (0.01 mmht), 33% in moderate-intensity The significant differences amongst different representa-
rain (Lmm 1), and still 14% even in extremely heavy rain tions of raindrop number size distribution should also affect
(100mmhl). By contrast, the gamma and lognormal dis- the calculated size-resolved values. A study by Mircea et
tributions have fewer small droplets. For example, Table 2al. (2000) found only a weak sensitivity of to the raindrop
shows that the percentages of droplets smaller than 0.1 mraize distribution. However, the two droplet spectra used by
in diameter for the DE gamma distribution and FL lognor- Mircea et al. (2000) were quite similar in nature; they were
mal distribution are close to zero for all precipitation classes.both derived from measurements in the same area (Mediter-
As precipitation intensity increases, the modes of all of theranean) and were both lognormal distributions. Figure 5
distributions shift to larger drops (Fig. 4). The total droplet shows a comparison of size-resolvadcurves derived from
number concentratiomVota)) also increases with increasing the eight different raindrop size spectra considered in Fig. 4
rainfall intensity (Table 2). For a given rainfall intensity, the for two different rainfall intensities (0.1 and 10 mm%).
Niotal Value predicted by the MP exponential distribution ex- Note that the terminal fall velocities and collection efficien-
ceeds those predicted by the DE gamma distribution and Flcies used in the calculations for this figure followed the the-
lognormal distribution by an order of magnitude. However, oretical formulas of Beard (1976) and Slinn (1983), respec-
the difference inViptg between DE and FL is smaller than a tively.

factor of 2.
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Fig. 6. Raindrop terminal velocity versus raindrop diameter for Fig. 7. Size-resolved scavenging coefficients as a function of par-
seven different parameterizations and measurements from Gunn anitle size for seven different terminal velocity parameterizations as-
Kinzer (1949). suming a rainfall intensity of 1.0 mnTH.

Clearly, A depends strongly on the choice of raindrop Modelling System), whereD, is parameterized a®, =
number size distributionA values calculated using different 0.7R%2% (with D, inmm andR in mm h™1) (Gong et al.,
raindrop size spectra can differ by a factor of 3 to 5 depend-2003; Gong et al., 2006; hereafter referred to as AURAMS-
ing on particle size and precipitation intensity. The differ- Monodisperse), and the other one is used in NARAC/LLNL
ences are more evident for particles smaller than 3 um undeNational Atmospheric Release Advisory Center system of
weak rainfall intensities. The MP and the JD raindrop sizethe Lawrence Livermore National Laboratory), whérg =
distributions give highen values than other distributions for 0.97R%158 (Loosmore and Cederwall, 2004; hereafter re-
all particle sizes for two reasons: (a) their higher droplet to-ferred to as LC-Monodisperse). It can be seen thatAhe
tal number concentrations and (b) their greater fraction ofvalues generated from these two simplified approaches are
small droplets, which have higher collection efficiencies (seesimilar to those obtained from a full integration over a poly-
Table 2 and Fig. 2). As rainfall intensity increases, how- disperse droplet size spectrum. As well, the difference in
ever, the differences in droplet total number concentrationA from using the two differeniD ,formulas is as large as
and fraction of small droplets between the different raindropfrom using different polydisperse droplet size spectra. For
size spectra decrease (see Table 2) because the modes of @dample, for a rainfall intensity of 0.1 mnth (Fig. 5a), the
distributions shift to larger droplet sizes (see Fig. 4). Thus,Dpdifference is 0.28 mm (a factor of 1.7) and the correspond-
differences inA from using different raindrop size spectra ing A difference is about a factor of 5; for a rainfall intensity
decrease with increasing rainfall intensity. of 10 mm ! (Fig. 5b), theD,, difference is 0.15 mm (a fac-

Section 2.2 mentioned that many large-scale aerosol trander of 1.1) and the corresponding differenceAnis smaller
port models use a monodisperse distribution by introducingthan a factor of 2. Note also that the LC-Monodisperse “rep-
a representative diametér, to replace the actual raindrop resentative droplet diameter” was generated from the W84
size distribution in the calculation of (e.g., Gong et al., droplet size spectrum (Willis, 1984). Interestingly, theval-
2003; Gong et al., 2006; Loosmore and Cederwall, 2004;ues obtained from using these two distributions are very close
Tost et al., 2006). This simplified approach (as shown in Eg.to each other, suggesting that the use of a monodisperse rain-
14) assumes that the values calculated wittD,would be  drop size distribution can be a reasonable assumption as long
similar to those calculated using a full raindrop size spec-as the proper representative diameter is chosen.
trum. A power-law function of the precipitation intensity has
commonly been used to parameteri2g (e.g.,D, = ARB, 3.3 Sensitivity to raindrop terminal velocity
whereA and B are constant an& is the rainfall intensity).

At present, there exist several parameterization®fginthe  Figure 6 shows the terminal fall velocities of rain droplets
literature (see Sportisse, 2007). derived from the six empirical formulas listed in Table 1 and

Two A profiles generated based on two differdry for- the Beard theoretical scheme as well as the measurements
mulas are shown in Fig. 5. One monodisperse distribu-reported by Gunn and Kinzer (1949). Note that the formu-
tion is used in AURAMS (A Unified Regional Air-quality 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 thadeveloped a simple size-dependarparameterization based
0.1 mm and 0.02 mm, respectively. It can be seen that mosbn a three-parameter fit to a set of pre-calculatedalues
formulas, except the power law formula of Kessler (1969), (see details in Appendix Al). Thug\ values from Type
agree well with the experimental data for droplets in thell parameterizations should be similar to those from Type |
0.5mm to 5mm size range. For droplets larger than 5 mmparameterizations. A major advantage of Type Il methods
however, different formulas produce quite different terminal should be a significant reduction in computational burden
velocities (e.g..~20-50% difference depending on size); but since they need only evaluate a simple fitting function rather
droplets at these sizes are very rare. For droplets smaller thaihan performing an explicit integration over the raindrop size
0.5mm (i.e., in the Stokes and lower transitional regimes),spectrum; however, one possible drawback of this method is
most formulas overestimate the fall speed. Noted that thehat it might only be valid for certain rain droplet spectra.
theoretical formula of Beard (1976) agrees best with the ex-The third type ofA parameterization (hereafter referred to as

perimental data. Type IIl) uses an empirical fit ta. values derived from field
The influence of different (D) formulas on the\ values ~ measurements (Laakso et al., 2003; Baklanov and Sorensen,
is illustrated in Fig. 7 for a rainfall intensit® of 1 mm L, 2001). Table 3 lists some available size-resolpedarame-

The droplet size spectrum used in this calculation was thderizations classified by these three types.
MP distribution and the collection efficiency formulationwas  Figure 8 shows a comparison of predictions from these
Slinn’s (1983) scheme. It can be seen that the uncertainty irl2 parameterizations with each other and with available field
A from using differentV (D,,) formulas is generally withina measurements for three different rainfall intensities. The ma-
factor of 2 for any particle size, much smaller than uncertain-jority of the field data display a strong dependence ofAhe
ties caused by the choice of different droplet-particle collec-values on particle size. Below-cloud scavenging is fastest
tion efficiencies and different droplet size spectra. The for-for particles larger than a few microns in diameter, moder-
mulas that give highe¥ (D)) values also tend to give higher ate for particles smaller than 0.01 pm, and slowest for par-
A values. For example, the MP droplet distribution has aticles in the 0.1-1 pm diameter range. For example, the
large number of small drops. Since the Kessler (1969) for-observedA values were around 1x18s™ to 3x104s™?
mula predicts the largest(D,) values for small droplets, on average for particles in the 3.5-10um diameter range
it also produces the largest values (compare Fig. 7 with  (Volken and Schumann, 1993), around 1x48~2 for parti-
Fig. 6). Similar results to the above have also been ob<les smaller than 0.01 um (Davenport and Peters, 1978), and
tained for gamma and lognormal droplet size spectra. It isaround %10~°s~! on average for particles in the 0.1-1 um
also worth noting that for different rainfall intensities (fig- diameter range (Laakso et al., 2003). The measurement data
ures not shown), sensitivity tests have shown the differencelso have a large spread, which is probably due to the very
in A values from using differen¥ (D,,) formulas decreases different experimental conditions between these field studies.
with increasing rainfall intensity. The largest uncertainty oc- In general A values were determined by measuring concen-
curs for conditions of very weak rain (i.e., drizzle rain) due tration changes of the size-resolved aerosol particle at ground
to the high concentrations of small droplets. In this case, thestations before, during, and after rain events (e.g., Daven-
difference is still within a factor of 2 for all particle sizes. 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
4 Evaluation of existing theoretical and empirical analysis processes, many other physical (horizontal and ver-
size-resolvedA parameterizations tical advection and turbulent diffusion), microphysical (con-
densation, nucleation, coagulation, and hygroscopic growth),
Available size-resolved\ parameterizations existing in the and chemical (both gas- and aqueous-phase chemistry) pro-
literature can be classified into three types based on how thegesses can modify particle concentrations concurrently and
were developed. The first type (hereafter referred to as Typehus contribute to the large uncertainties in the measured
1) calculatesA based on analytical formulas for raindrop- values. Since particles in the 0.1-1 um diameter range have
particle collection efficiency, raindrop size distribution, and the smallestA values, it is not surprising that the largest
raindrop terminal velocity (e.g., Slinn, 1983; Mircea et al., spread ofA values was also observed for this size range due
2000; Chate et al., 2003; Chate, 2005; Andronache, 2003to the various processes mentioned above.
Andronache et al., 2006; Jung et al., 2003; Gong et al. 2003; To eliminate some of the uncertainties existing in the nat-
Loosmore and Cederwall, 2004; Park et al., 2005; Tost etural environment, a so-called outdoor experiment was de-
al., 2006; Feng, 2007; Croft et al., 2009). Sections 2 and Jigned by Sparmacher et al. (1993) to determine the below-
dealt with this first type of size-resolvexi parameterization.  cloud snow and rain scavenging coefficients using monodis-
The second type (hereafter referred to as Type Il) employs aperse artificial particles. In this experiment, monodisperse
empirical fit of pre-calculated values that were generated artificial aerosol particles from an aerosol generator were
using a Type | method with an assumed droplet size spectrunfed into a wind-shielded measuring chamber and suspended.
and other needed inputs. For example, Henzing et al. (2006Natural 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 efmpeieatheterizations listed
in Table 3 and taken from available measurements for rainfall intensitiés) &=1mmt 1, (b) R=5mmt1, and(c) R=10mmHh1.
Note that the parameterization of Laakso et al. (2003) is only valid for particles with diameters between 0.01 and 0.5 um.

scavenged the aerosol particles andalues were then de- particles in the 0.1-3 um diameter range and by one order of
termined by measuring the changes of particle concentrationmagnitude for particles smaller than 0.1 um compared to the
inside the chamber. The objective of the design of the experavailable field measurements. Although the parameterization
imental was to eliminate as many confounding factors duringof Andronache et al. (2006) takes into account the additional
the scavenging process as possible so thattvalues ob-  collection processes due to thermophoresis, diffusiophoresis,
served would represent the actual droplet-particle collectiorand electrostatic forces and uses the MP raindrop spectrum,
processes (Sparmacher et al., 1993). Thealues for four  which produces highek values than the other distributions
selected particle sizes (0.23, 0.46, 0.98, and 2.16 um in diam{see Table 3 and Figs. 5 and 8), the discrepancies between
eter) generated from this study are also shown in Fig. 8. Inthe field observed and the theoretical predictedalues are
terestingly,A values from the ‘outdoor’ experiment are much still more than one order of magnitude for particles in the
lower than those determined from other field observations0.1-3 um diameter range (see Fig. 8). Figure 8 also suggests
suggesting that the above-mentioned physical and chemicahat the current theoretical parameterizations (Types | and Il)
processes do contribute substantially, and on many occasiorseem to be able to correctly predict the droplet-particle col-
play a dominant role, resulting in much higher measuted lection process in an ideal vertical flow field created by rain-
values. drops as can be seen from the good agreement between the-
oretical values and results from the controlled experiment of
GSparmacher 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
QigherA values found in most field measurements compared
to the controlled experiment of Sparmacher et al. (1993).

Figure 8 shows that for large particles,(3 um) theA
values from the theoretical parameterizations (Type | an
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 th
critical Stokes number for inertial impaction, underestimate
observedA values by one to two orders of magnitude for
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Table 3. Current size-resolved parameterizations for below-cloud particle scavenging by rain. Type | denotes a theoretical parameterization
with raindrop-particle collection efficiency, raindrop size distribution, and raindrop terminal velocity as component parameterizations, Type
Il denotes a pre-calculated empirical fit to a theoreticadarameterization, and Type Il denotes an empirical fit to field measurements.

Source Raindrop-particle Raindrop number size distribution Raindrop terminal velocity  Types
collection effi-
ciency
Feng (2007) Slinn (1983) Marshall-Palmer (Exponential) Theoretical calculation Type |
Andronache (2003) Slinn (1983) Marshall-Palmer (Exponential) Kessler (1969) Type |
Calderon et al. (2008) Slinn (1983) Massambani and Morales (Gamma) Theoretical calculation Type |
Mircea et al. (2000) Slinn (1983) Feingold and Levin (1986) (LognoiFheoretical calculation Type |
mal)
Andronache et al. (2006) Slinn (1983) Marshall-Palmer (Exponential) Atlas and Ulbrich (1977) Type |
+ phoresis
+ electric forces
Park et al. (2005) Brownian and Marshall-Palmer (Exponential) Kessler (1969) Type |

interception from
Jung and Lee

(1998)
Impaction from
Calvert (1984)
Croft et al. (2009) Brownian from Marshall-Palmer (Exponential) Theoretical calculation Type |

Young (1993)
Impaction  from
a modified Hall

(1980) table
Loosmore and Cederwall Slinn (1983) Monodisperse Willis (1984) Type |
(2004) D, =0.97R%158mm
AURAMS (Gong et al., Slinn (1983) Monodisperse Theoretical calculation Type |
2006) D, =0.7R%25mm
Henzing et al. (2006) Fitted  functions Type Il
from explicit
calculation
Laakso et al. (2003) Empirical formula Type lll
from observations
Baklanov and Sorensen Empirical formula Type lll
(2001) from observations

One example of an important neglected process may be Turbulence in the atmospheric boundary layer also drives
the enhanced scavenging due to turbulent flow fluctuationvertical diffusion, which can transfer some particles from the
(e.g., Grover and Pruppacher, 1985; Khain and Pinsky, 1997subcloud layer upwards into the cloud layer where they are
Andronache et al. 2006). Turbulent flow fluctuations may in- then removed through in-cloud processes (Andronache et al.,
crease the relative motions between particles and smaller coR006). Turbulence and vertical diffusion should have a larger
lector droplets and thereby enhance the collection efficiencyimpact on raindrop scavenging of small particles than large
For example, Khain and Pinsky (1997) found that the collec-particles (e.g., Khain and Pinsky, 1997). This also explains
tion efficiency was significantly enhanced due to turbulencewhy the theoretical\ values agree quite well with most field
for droplet collectors of 240 um in diameter and for particles measurements for particles larger than 3 um in diameter but
of 8-12 umin diameter. Although Vohl et al. (2001) found no are as much as one to two orders of magnitude smaller for
enhancement of the collection efficiency for submicron par-particles smaller than 3um when compared to field mea-
ticles collected by droplets with sizes between 692 um andsurements (except for the controlled experiment of Sparma-
5760 um in diameter based on wind tunnel experiments, thereher et al., 1993) (Fig. 8). More recently, Andronache et
are substantial numbers of smaller raindrops (e<§Q0 um  al. (2006) developed a simplified scavenging model for ultra-
in diameter) existing in medium to light rain due to below- fine particles with diameters less than 0.01 um that includes
cloud evaporation and breakup of rain drops (see Table 2 antielow-cloud scavenging processes, mixing of ultrafine parti-
Fig. 4). cles from the boundary layer into cloud, cloud condensation
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nuclei activation, and in-cloud removal by rainfall. They ap- 5 Impacts of the variousA parameterizations on
plied their model to the observed data of Laakso et al. (2003)  below-cloud particle removal
and found good agreement in the overall particle scaveng-
ing, suggesting the possible important roles of turbulent mix-The ultimate goal of parameterizing is to use the param-
ing, cloud droplet activation, and in-cloud scavenging on theeterization to predict particle mass and number concentra-
observed below-cloud scavenging. The size-resolveal- tion changes through the precipitation scavenging process in
ues shown in Fig. 8 of Zhang et al. (2004), which were pro-aerosol transport models. We can expect uncertainties in rep-
duced using a detailed cloud microphysics model (where theesentingA to introduce corresponding uncertainties on the
droplet-particle collection mechanisms were similar to thosepredicted particle concentrations. In this section, two dif-
used in the theoretical parameterizations shown in Fig. 8, ferent aerosol particle size distributions, representing marine
but where the vertical diffusion process was also considerednd urban aerosol populations, respectively, were taken as
also seem to be much higher than the theoreticalalues = examples to investigate the impact of differénparameter-
shown in the present study. More theoretical and field studieszations on predicted particle concentrations. The initial size
are needed to better understand the particle removal mechalistribution for each aerosol type was described as a sum
nisms so that the large discrepancies between theoretical aref three lognormal functions according to Jaenicke (1993).
observed results can be reduced. The time evolution of the particle number and mass con-
The empirical formulas derived from measurements (Typecentrations was then calculated by integrating Eq. (1) with
1) fit well to the data from which the formulas were gener- very small time steps (10s) and a large number of size bins
ated but not necessarily to other data sets. The parameter{100) for both rain droplets (1 um to 10 mm in diameter) and
zation of Baklanov and Sorensen (2001) (see details in Ap-aerosol particles (0.001 um to 100 pm) with a constant vol-
pendix A2) overestimated th& values for particles smaller ume ratio between successive size bins.
than 3pm in diameter when compared with the measure- Figure 9 shows the time evolution of the bulk (i.e., inte-
ments of Laakso et al. (2003), Volken and Schumann (1993)grated over the entire particle size spectrum) particle num-
and Sparmacher et al. (1993). This parameterization treatber concentration and mass concentration for typical marine
the A as a function of rainfall intensity? only and ne- and urban aerosol populations for a total rainfall of 5 mm for
glects its dependence on patrticle size for particles smallethree different rainfall intensities calculated using eight dif-
than 2.8 um (Appendix A2), whereas most measurements oferent A parameterizations from Table 3. The particle con-
A show a strong dependence on particle size (e.g., Fig. 8)centrations have been normalized to their initial valuesqiN
The empirical formula of Laakso et al. (2003) (see details202 and 1.3%10° cm~3, Mg of 16.1 and 101.7 ug ¥, re-
in Appendix A3) agrees well with most of the observational spectively). Note that different x-axis scales have been used
data; however, this parameterization is only valid for parti- to accommodate the three different rainfall durations. The
cles with sizes of 0.01-0.5 um and for rainfall intensities of six plain solid lines correspond to the six theoretidapa-
20mmhr! or less. Thus, this comparison also suggests thatameterizations and the two lines with symbols correspond
current empirical parameterizations farneed to be devel- to the two empiricalA parameterizations. We can see that
oped further and need to be verified against new sets of medor the same precipitation amount, 5mm of rain, which is
surement data across a wider range of different conditionsequivalent to 50h of rain at 0.1 mnth, 5h at Tmmh?,
New laboratory experiments under controlled conditions will and 6 min at 50 mmtt, the differences between predicted
also be very useful to evaluate existing theoretical scavengbulk aerosol number and mass concentrations for diffesent
ing formulas (which only consider collection processes), esparameterizations (both theoretical and empirical) decrease
pecially considering that there is only one such experimentalith increasing rainfall intensity. The reason is that the dif-
data set currently. Collection of new field data under dif- ferences inA values decrease with increasing rainfall inten-
ferent rain conditions and other environmental conditions issity (see discussions in Sect. 3).
certainly also needed, considering the very small database on For the bulk number concentrations, the differences
this topic that is currently available. Note, however, that field among the six theoretical parameterizations are within 5%
observation data may inherently include the influences of allafter 2mm of rain and within 10% after 5mm of rain for
non-collection physical processes discussed above. The edboth marine and urban aerosols under 1 mm b1 condi-
isting empirically-derived formulas based on field observa-tion; these numbers are doubled undéer 0.1 mmh* con-
tions thus might not be applicable to large-scale models di-dition and reduced by half undé& =50 mmt condition.
rectly since non-collection physical processes have alreadyrhe two empiricalA parameterizations predict much faster
been included separately in these models. removal of small particlesd(,<0.01 um), which dominate
the bulk number concentration. The differences in the bulk
number concentrations between theoretical and empinical
parameterizations can be larger than a factor of 2 after 2—
5mm of rain underR = 1-50 mm ! conditions and larger
than a factor of 5 undeR =0.1 mm ! 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 5mm for three
different rainfall intensities, 0.1 mniH (the first row), 1 mm 1 (the second row), and 50 mnTh (the third row), calculated using eight
different A parameterizations from Table 3. The particle number and mass concentrations are normalized to their initial values. Plain solid
lines denote theoretical parameterizations and lines with symbols denote empificgarameterizations.

first two columns in Fig. 9). For the bulk mass concentra- certainties in theA parameterizations for particles smaller
tions, the differences among the differentparameteriza- than 1 um contribute to the uncertainties in the predicted bulk
tions (both theoretical and empirical) can also be as large asumber concentration whereas uncertainties ifor parti-

a factor of 2 undeR = 1-50 mm ! conditions and as large cles larger than 1 um contribute to the uncertainties in the
as a factor of 5-15 undet = 0.1 mm tr! condition after 2—  predicted bulk mass concentration, as discussed above for
5 mm of rain (see last two columns in Fig. 9). Fig. 9.

It is clear from Fig. 9 that the impacts of using different  To confirm the above analysis, Fig. 10 shows the pre-
A parameterizations are quantitatively different for the bulk dicted size-resolved aerosol number and mass concentrations
number and mass concentrations. This is because the bulifter two hours of precipitation with a rainfall intensity of
mass concentration is generally associated with large parl mm ! (using the same conditions as in Fig. 9). It can be
ticles whereas the bulk number concentration is associatedeen that the largest differences from using differerpa-
with small particles, as can be seen from the initial particlerameterizations are for ultrafine particles, £0.01 um) and
size distributions shown in Fig. 10. For both marine and ur-for large particlesd,>3 um). For particles in the 0.01 um
ban aerosol distributions, particles smaller than 1 pm dom+o 3 um diameter range, the differences are generally small,
inate the bulk number concentration while particles largerexcept for the Baklanov and Sorensen (2001) empirical pa-
than 1 um dominate the bulk mass concentration. Thus, unrameterization, which had much highewalues 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 Arpgirécat
eterizations for typical marine and urban aerosol populations after two hours of rain with a rainfall intensity of Lmixoke that different
y-axis scales have been used.

Table 4. Percentage removal for three particle sizes (0.01, 0.1 and 1 um) predicted based angarameterizations after 5 mm of rain for
three rainfall intensities (50 h at 0.1 mm¥ 5h at 1 mm L, and 6 min at 50 mmhl).

Rainfall Duration and Intensity 50h at 0.1 mmh 5hatlmmir? 6 min at 50 mm 71

A Scheme, Particle Size 0.0lpm O0.1pm 1ym 0.0lpm O.lum 1pym 0.0lpm O.lpm 1um
Henzing et al. (2006) 7.1 0.7 0.3 34 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 91.6 784 17.2 30.5 605 10.9 20.0

of the parameterizations for this particle size range. For largécal A parameterizations can cause much larger differences
particles (3 urd,, <10 um), the scavenging is very efficient, (e.g., afactor of-10) in the predicted particle concentrations
with A values around 10*~10-3s~1 for a rainfall intensity ~ for particles smaller than 0.01 um due to the much higher

of 1mm hi(see Fig. 8). A difference of a factor of 5 i values. For particles in the 0.01 to 3 um diameter range, al-
values among the differemt parameterizations can lead to though the differences in values may be as large as 2 or-
a difference of a factor of 10 in the predicted size-resolved ders of magnitude, the resulting differences in the predicted
aerosol particle concentration after 2 mm of rain (Fig. 10). size-resolved particle concentrations are very small. This is
For very small particlesd, <0.01 um), theoreticah values  because thes values in this size range are extremely small
are an order of magnitude lower (around between®land  (i.e., 10 ’—10°s1, Fig. 8), and thus, the below-cloud scav-
10-*s™1) than those for large particles (Fig.8). As a result, enging process plays an insignificant role during a light rain-
a difference of a factor of 3-5 in values results in differ-  fall (e.g., 2mm). However, in the case of very intense rainfall
ences of a factor 0k2 in the predicted particle concentra- (e.g.,R =50 mmh 1) or cases of long-lasting rain with low or
tion after 2 mm of rain. For the same calculation, the empir-moderate intensities (e.gk,= 1-10 mm 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-resolvedA parameterizations, one theoretical (Andronache et al., 2006) and one empirical (Laakso et al., 2003), were considered.
Rainfall intensityR was chosen to be 1 mnTh. Results are shown for both explicit (solid lines) and implicit (dashed lines) time integration
schemes.

of particles in the 0.01 to 3 um diameter range can becomén the figure. Two differentA parameterizations were used

important. here as examples: Andronache et al. (2006), representing a
Table 4 shows the percentage of particles removed fofheoretical parameterization, and Laakso et al. (2003), rep-

three particle sizes (0.01, 0.1, and 1 pum) after 5 mm of rain af€Senting an empirical parameterization. Rainfall intensity

three different intensities (i.e., 50h of rainat 0.1 mntfsh R was chosen to be 1mnrh It can be seen that, in just

at 1mmtrt, and 6 min at 50 mmtt) based on two theoret- ©ne 20-min integration time step, an error=65% in mass

ical A parameterizations (the one with the highasand the ~ concentration is introduced. Note that the larger the time

rameterization (Laakso etal., 2003). As can be seen from thighethod underestimates the mass concentration (because the

table, for the theoreticah parameterizations, 5mm of rain Particle removed betweerandr+Ar is based on concentra-

0.1-1pm. However, for the empirical parameterization, Mass concentration (because the particle removed between

which is 1-2 orders of magnitude higher than the theoreticaf @nd+Ar is based on concentration at timekr). Itcan

schemes, 5 mm of rain can remove a very large fraction (e.g.21S0 be seen that the error caused by using a large integration

10-90%) of particles in the 0.1-1pum diameter range. Intime step is larger for bulk particle mass concentration than

the real world, the removal of particles from the atmospherefor bulk particle number concentration due to the difference

would be a coupled process involving droplet-particle collec-in A values for large and small particles.

tion, vertical transport (diffusion) of particles to low clouds

and subsequgnt in-cloud removal, and many other processgs Summary and conclusions

(as reflected in the observational data that were used for de-

riving the empiricalA formulas). Thus, precipitation scav- Tq jdentify the sources of uncertainties in the current theoret-
enging can also be significant for particles in the 0.01-3 pmjcg| size-resolved\ parameterizations for below-cloud scav-
diameter range, as well as for very small or very large par-enging of particles by rain in atmospheric chemical trans-
ticles, especially during heavy rain or long-lasting rain (€.9.,port models, a detailed literature review and set of numeri-
>5mm of rain). cal sensitivity tests in a common framework have been con-
The above discussions suggested that the scavengingucted in the present study. The largest uncertainties are
of very large particles ¥3pum) and very small particles associated with the specification of raindrop-patrticle collec-
(<0.01um) is a rapid process. This raises the question ofion efficiency. It was found that the use of different formu-
whether the integration time step and the integration methodations for raindrop-particle collection efficiency can result
employed above might introduce additional uncertainties inin differences in the size-resolvetl values of nearly one
the prediction of particle concentrations. As an example,to two orders of magnitude for particle diameters between
Fig. 11 shows the percentage bias of the calculated bulk pa©.01-3 pum. Inclusion of the additional collection mecha-
ticle number concentration and bulk particle mass concentranisms of thermophoresis, diffusiophoresis, and electrostatic
tion from using a time step of 20 min compared to the resultsforces in the Slinn (1983) scheme for droplet-particle collec-
using a time step of 10s. Results from both forward Eulertion efficiency, however, can enhance predictegialues by
(explicit) and backward Euler (implicit) methods are shown nearly one order of magnitude for particle diameters between
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0.1-3 um. Another large source of uncertainty arises from theparticles between 0.01-3 um in diameter, the differences in
choice of raindrop number size distribution. Various raindropthe predicted particle concentrations due to the use of dif-
number size distributions can yield values that differ by a  ferent theoreticalA parameterizations are generally small
factor of 3 to 5 depending on rainfall intensity and particle (~a few percent), except under conditions of long-lasting
size. The uncertainty in. caused by choosing different rain- precipitation, due to the very smal values 10 °s71)
drop terminal velocity formulations is also not negligible but predicted by the theoretical parameterizations. For parti-
is generally smaller than a factor 2. cles smaller than 0.01 um in diameter, the differences can be
Most current theoretical size-resolvel parameteriza- substantial (up to a factor of 2 depending on particle size,
tions predictA values that agree with the available measure-precipitation intensity, and precipitation amount). The dif-
ments for particles larger than 3 pm in diameter. For par-ferences are largest-(factor of 10 after 2-5mm of rain)
ticles smaller than 3 um, however, most current theoreticafor particles larger than 3 um due to the very large theoret-
size-resolved\ parameterizations underpredictvalues by  ical A values ¢104s™1). If an empirical A parameteri-
up to two orders of magnitude in comparison with the ma- zation is used in place of a theoreticalparameterization,
jority of field measurements. The combined uncertainty duedifferences in predicted particle concentrations can be larger
to the use of different formulations of raindrop-particle col- than a factor of 2 for all particle sizes due to the very high
lection efficiency, raindrop number size spectrum, and rain-A values predicted by empirical parameterizations for all
drop terminal velocity in the current theoretical framework, particle sizes. The predicted bulk mass concentrations can
while considerable, is not sufficient to explain the large dis-differ by a factor of 2 between theoretical and empirigal
crepancies between the theoretical and measnredlues.  parameterizations or even among the different theoretical
However, the large underprediction relative to most of theparameterizations after 2-5mm of rain. The predicted bulk
field data was not seen in the comparison with data fromnumber concentrations can also differ by a factor of 2 be-
the controlled outdoor experiment reported by Sparmachetween theoretical and empirical parameterizations, how-
et al. (1993). This suggests that the additional known physi-ever, the differences are generally within 10% among the dif-
cal processes (i.e, turbulent transport and mixing, cloud anderent theoreticalh parameterizations under rain intensities
aerosol microphysics) that in general influence the field dataof 1-50 mm tr! and within 20% if the rain intensities are as
but that are not taken into account in the current theoretical small as 0.01 mmHt.
calculation may be a major source of the differences between Another uncertainty related to below-cloud particle scav-
the field and theoretical values. Thus, more laboratory ex-enging in large-scale aerosol transport models is the choice
periments under controlled conditions are needed to evaluatef the time step in the integration of the number or mass con-
the existing theoretical scavenging parameterizations. Furtinuity equation. If the concentration changes substantially
ther collection of field data under different rain conditions over one model time step, then errors greater than 5% may be
and other environmental conditions is certainly also neededintroduced, particularly for very large particles (which con-
considering the very small database that is currently availablérol the bulk mass concentration), and very small particles
on this topic. Moreover, numerical studies using comprehen{which control the bulk number concentration) due to their
sive cloud models with explicit aerosol horizontal and verti- higher A values.
cal transport, turbulent diffusion, and detailed size-resolved Based on the results presented in this study, we can of-
microphysics are also needed to evaluate the importance der the following hypothesis: “The scavenging coefficients
various terms and processes contributing to overall belowfrom the majority of field measurements that we examined
cloud scavenging. were obtained at heights close to the surface where turbu-
The two empirical size-resolved parameterizations that lence and vertical diffusion were strongest. These physical
were identified fit the field data from which they were gen- processes could have substantially enhanced particle removal
erated well but do not necessarily fit other independent scavboth by increasing collection efficiency, and by transporting
enging data sets well. In addition, they are only valid for a some particles upwards where they could then be scavenged
specific range of particle sizes and they may only apply toby microphysical processes inside low clouds. These addi-
certain types of precipitation. Thus, more scavenging datdional processes are likely to be the main cause of the large
are also needed to develop and extend these empirical paliscrepancy between the theoretical and the field-derived val-
rameterizations and to evaluate them under different rainfallues”.
conditions. Since the empirical parameterizations may in- As a result, the empirical formulas fax should be used
herently include the other non-collection physical processesvith great caution in aerosol transport models since many
such as turbulent transport, they may not be appropriate foadditional processes that directly or indirectly contribute to
use in large-scale chemical transport models where the northe particle removal have already been considered separately.
collection physical processes are already included separatelZurrent theoreticah formulas can produce comparable
Uncertainties in the\ parameterizations can cause large values to those derived from controlled experiments (where
differences in predicted bulk and size-resolved particle con-additional processes contributing to particle removal were
centrations that are undergoing precipitation scavenging. Folimited), and seem to be a reasonable choice for use in
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aerosol transport models. To construct a theoreticada- where the parameter$y, A1 and Ao are provided in a ta-
rameterization for use in aerosol transport models, we offetble that is available ahttp://www.knmi.nlfvelthove/wet
three recommendations: (1) Choose the theorefgaram-  deposition/coefficients.txt

eterization that produces the highéstvalues for particles

in the 0.01-3 pm diameter range. Even the highestal- A2 Baklanov and Sorensen (2001) empirical parame-
ues produced from theoretical formulas are still more than terization

one order of magnitude smaller than thevalues derived

from “non-controlled” field measurements (although slightly Baklanov and Sorensen (2001) suggested a simple parame-
higher than the “controlled experiment”. which should be tefization representing scavenging rate as a function of rain-

reasonable considering that there are likely to be some prof-a” intensity and aerosol particle size based on earlier exper-
cesses that are not considered separately in aerosol transpdfent data from several different groups:

models but that contribute to the particle scavenging pro—A(r )= (A2)
cess). This argues for using the highest theoretical collec- ' 7" —
tion efficiency, E, which means including all known collec-
tion mechanisms, including thermophoresis, diffusiophore- (;, g0.79 rp < LAum

sis, electrostatic forces, and turbulent enhancement; (2) Al- (bo+b1rp+bor2 +bard) f(R)  Ldum<r, <10um,
though a full droplet number size spectrum (the gamma func- f(R) b b rp > 10um

tion of de Wolf (2001) is preferred) is the best choice, the use

of a monodisperse distribution and representative drop sizeind

in aerosol transport models should also be acceptable given

that the uncertainties from such an approach are of a similar’ (R) =a1R+azR?, (A3)
order of magnitude tq those from other knovv_n or unknowr_nwh(_)re r, is particle radius (in pm)ap = 8.4x 10°5,
processes. However, if a full droplet number size spectrum |sa1 -2 7% 10~ dp=—3.618¢10° bo=—0.1483
used, then the theoretical formula of Beard (1976) is recom—b1 -0 322013’3 by = —3.0062¢ 102 }73 — 9 3445810~ '
.”.‘e”d?d for use in the calcqlation of raindrgp terminal Vemc'andR'is rainfall ,intensity. (inmm hl)i The pérameterizatibn
ities since th's formL_lIa prowdes_ agood e_zst|mat_e over the fu”has been incorporated into the Danish Emergency Response
range of raindrop sizes; (3) If in-cloud impaction scaveng-

ing is included, a different droplet number size spectrum (orMOCIeI of the Atmosphere (DERMA).

representative particle size) from that used for below-clouda3 | 3akso et al. (2003) empirical parameterization

scavenging should be used since small droplets dominate

within clouds. Laakso et al. (2003) suggested a parameterization {dy,)
based on their analysis of six years of field measurements
over forests in southern Finland:

Appendix A
. ] |OgloA (dp) = (A4)
Al Henzing et al. (2006) formula fitted from
comprehensive numerical simulation a1+ az[1ogyod 14 + az[logyod, 173+ asllogy od )1 -2+

Henzing et al. (2006) developed a simple parameteriza- 1 1/2
tion that represents below-cloud scavenging coefficients agSHOdef’] +ask 12,

a function of aerosol particle size and rainfall intensity. \\here 4. is particle diameter (in m), &274.35758
P ) . y

The parameterization isa Simple three-parameter fit throug%:33283959273 §:22665657259 zﬁ:5800591340
below-cloud scavenging coefficients calculated at high parti-,__g5gg 38582 @’1=0.244984 R is rainfall intensity (in,
cle size resolution. The calculations were based on the CONdm h1). The, formula is \;alid only for limited ranges

cept of collection efficiency between polydisperse aerosolyt narticle diameters 0.01- 0.5um and for rain intensities
particles and raindrop distributions.  Specifically, Slinn’s o >4 mm .

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

A(dp) = Ao (eMR™ 1), (A1)
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Appendix B

Nomenclature

C. Cunningham correction factor
¢ heat capacity of air (fis™2 K1)
dp, particle diameter (m)

D), raindrop diameter (m)

D, mean raindrop diameter of lognormal spectra (m)

D, representative diameter of monodisperse
raindrop spectra (m)

Dygjtf particle Brownian diffusivity coefficient (fis—1)
Diiffwater Water vapour diffusivity in air (fs—1)

gp mean charge of a particle (C)

R rainfall intensity (mmit1)

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
T, air temperature (K)

E(dp, Dp) overall collection efficiency T, temperature of the raindrop surface (K)
Esn(dp, Dp) collection efficiency due to thermophoresis  y(d,) particle terminal velocity (msl)
Eypn(dp, Dp) collection efficiency due to diffusiophoresis V(D) raindrop terminal velocity (msh
E¢s(dp, Dp) collection efficiency due to charge effect B slope parameter for gamma raindrop size
¢ Acceleration of gravity (ms2) distribution

kq thermal conductivity of air (J m* s~1 K—1) B slope parameter for exponential raindrop
k, thermal conductivity of particle @ mt s71 K1) size distribution

k, Boltzmann constant (J K1) y shape parameter for gamma raindrop size
M, air molecular weight distribution

M,, water vapour molecular weight A mean free path of air molecules (m)

N (Dp) raindrop number size distribution (‘rﬁ) A(dp) size-resolved scavenging coefficient of
No. parameter for exponential raindrop size particle (s'1)

distribution (nT%) I, air viscosity (kgnm1s1)

No, parameter for gamma raindrop size Iy, water viscosity (kgmls1)

distribution (nT7~1 m—3) pa air density (kg nr3)

Niotal total number concentration of raindrops (#) pp particle density (kg m3)

P atmospheric pressure (Pa) pw Water density (kg m?3)

Pr Prandtl number for air op standard deviation of lognormal raindrop
PO vapour pressure of water at temperatuge(Fa) size distribution

;6 vapour pressure of water at temperatuygHa) T characteristic relaxation time of patrticle (s)
QO mean charge of a raindrop (C)
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