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Abstract. Theoretical parameterizations for the size- falls in the upper range of, or is higher than, the theoreti-
resolved scavenging coefficient for atmospheric aerosol pareally estimated values, which can be explained by additional
ticles scavenged by snow non) Need assumptions regard- processes/mechanisms that influence field-derivgdy, but
ing (i) snow particle—aerosol particle collection efficierfty  that are not considered in the theoretiaghowformulas. Pre-
(i) snow-particle size distributiotV (Dp), (iii) snow-particle  dicted aerosol concentrations obtained by using upper range
terminal velocityVp, and (iv) snow-particle cross-sectional vs. lower range ofAsnow values (a difference of around two
areaA. Existing formulas for these parameters are reviewedorders of magnitude ithsnon) can differ by a factor of 2 for
in the present study, and uncertaintiesAighow caused by  just a one-centimetre snowfall (liquid water equivalent of ap-
various combinations of these parameters are assessed. Dfoximately 1 mm). Based on the median and upper range of
ferent formulations of£ can cause uncertainties itynow Of theoretically generated snow and Asnow Values, it is likely
more than one order of magnitude for all aerosol sizes forthat, for typical rain and snow events, the removal of atmo-
typical snowfall intensitieskE is the largest source of uncer- spheric aerosol particles by snow is more effective than re-
tainty among all the input parameters, similar to rain scav-moval by rain for equivalent precipitation amounts, although
enging of atmospheric aerosolsfin) as was found in a pre-  a firm conclusion requires much more evidence.
vious study by Wang et al. (2010). However, other parame-
ters can also cause significant uncertaintie& 4pow, and the
uncertainties from these parameters are much larger than for
Arain. Specifically, differentV (Dp) formulations can cause 1 Introduction
one-order-of-magnitude uncertaintiesighowfor all aerosol
sizes, as is also the case for a combination of uncertaintielany physical and chemical processes in chemical trans-
from both Vp and A. Assumptions about dominant snow- port models (CTMs) need to be parameterized due to limi-
particle shape (and thus differeli, and A) will cause an  tations in computer resources and our incomplete knowledge
uncertainty of up to one order of magnitude in the calculatedof these processes. For the scavenging and the removal of
scavenging coefficient. In comparison, uncertaintiea i atmospheric aerosol particles by falling hydrometeors, the
from N (Dp) are smaller than a factor of 5, and those frgpn ~ scavenging coefficient (s 1), which denotes the fraction
are smaller than a factor of 2. As expectédnowestimated  of aerosol particles removed per unit time, is typically used
from empirical formulas generated from field measurementsvhen solving aerosol-particle mass continuity equations in
CTMs (e.g. Baklanov and Sgrensen, 2001; Loosmore and
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Cederwall, 2004; Gong et al., 2006; Henzing et al., 2006;able empiricalA snow parameterization derived directly from
Sofiev et al., 2006; Tost et al., 2006; Feng, 2007; Croft et al. fits to field measurements (Sect. 4.2). The impact of different
2009). Many laboratory, field, and theoretical studies haveAsnow formulas on predicted aerosol concentrations is then
been conducted to quantif¥ under rain and snow condi- briefly discussed (Sect. 4.3), and a comparison of uncertain-
tions (Martin et al., 1980; Slinn, 1984; Murakami et al., 1985; ties betweem snow@and Arain is presented (Sect. 4.4). Lastly,
Miller and Wang, 1989; Dick, 1990; Maryon et al., 1992; some conclusions are given in Sect. 5.

Sparmacher et al., 1993; Bell and Saunders, 1995; Jylha,

2000; Rotstayn and Lohmann, 2002; Laakso et al., 2003; ) ) o
Zhang et al., 2004; Chate, 2005; Andronache et al., 2006:2 Theory of size-resolved snow scavenging coefficient
Croft et al., 2009; Feng, 2009; Kyro et al., 2009; Paramonov Asnow

et al., 2011; Wang et al., 2011). However, large uncertain- . . .
i ST o The terminology of ice or snow particles reflects the greater
ties still exist in current\ parameterizations due to the many

factors involved in the scavenging processes. physical variability of'frozen or solid. hydrometeors vs. lig-
An assessment of uncertainties in size-resolvedor uid hydrometeors (raln_drops)._ As discussed by Pruppacher
Is scavenged by rain i) was recently conducted and Klett (1997_), small ice particles that have grown only by
ger\cﬁo t al. (2010). Th rain t studv foll il water vapour diffusion are called snow crystals. These snow
y anghei al. ( .)‘ € prte?etf‘ N uf y 1o OW?M;iegmlarcrystals have different shapes or habits, including plates,
ngc:gglcs sc(;vaesnse: j |tr)1g Sl;]r:)(xzal? 'SLSJC?] asgztigeiss neecrie d columns, stars, needles, dendrites, spheres, and bullets. Ag-
given that curren% knogvledgesoc}wsﬁow scaveng)i/ng is consigdregates of snow crystals are called snowflakes. Individual

L . g snow crystals usually have a maximum dimendippof less

erably more limited than that for rain scavenging. One rea- . .
. . . . than 5mm, whereas snowflakes may have a maximum di-
son is that scavenging by snow is more complicated due tg . .
. . . . .mension of several centimetres. Snow crystals can also grow
the wide variety of snow-particle shapes, sizes, and densi; - . o .

. ) L : by collisions with cloud drops, which is called riming. De-

ties, which results in different fall speeds, cross-sectional ar- . . .

dendmg upon the degree of riming, these snow particles may

eas, and ﬂO_W patl'.[erns around snow particles (Pruppacher arﬁe referred to as rimed snow crystals or graupel particles or
Klett, 1997; Jylha, 1999). On the other hand, snow scaveng-

ing is an important removal mechanism in mid-latitude andIce pellets. All of these rimed snow particles usually haye

. . . . . - values of less than 5 mm; heavily rimed, larger particles are
polar regions in the winter and in mountainous areas and in .
called hailstones.

the upper troposphere at all times of year. One study esti- Typical regional- to global-scale CTMs, however, do not

mated that roughly 30% of below-cloud scavenging of sul- rovide the information about snow crystal type and shape
fate particles by precipitation is due to snow (Croft et al., b . Show cry yP Pe,
2009). but only about total solid preC|p|tat|0n_ flux, WhICh can then_
Current treatments of snow scavenging of atmospheri be used for the scavenging calculations either with addi-
Sional assumptions about snow crystal type or by using gen-

aerosol particles in CTMs vary substantially, ranging from . .
. . . ; eralized crystal types/shapes. Such assumptions about snow
using a bulkA parameterized as a function of snowfall inten- o :
crystal types and shapes, though, will introduce uncertain-

sity (as liquid water equivalent) without considering the sizesties A ot present im...— since different snow crvstal
of either aerosol or snow particles (Baklanov and Sgrensen snow O P rain Y

2001: Sofiev et al., 2006) to using the same size-resalved shapes have dn‘fgrent physical properties (see below) that af-
. . . : ect the scavenging process.
formula as that for rain scavenging to using a S|ze-resolvecI

o . In CTMs that simulate aerosol-particle number concen-
A formula specifically developed for snow conditions (e.g. trations, the below-cloud scavenging of aerosol particles b
Gong et al., 2006; Croft et al., 2009; Feng, 2009). Past re- ' ging P y

views have documented these various approaches (Rasch fartmw particles is commonly described as (Seinfeld and Pan-

al., 2000; Textor et al., 2006; Sportisse, 2007; Zhang, 2008; S, 2006)
Gong et al., 2011). The present study, however, attempts t@n(dp, t)
quantify the uncertainties related to various parameters cho- j¢

sen for the existing size-resolved;,ow formulas developed

specifically for snow conditions. cles with diametet, at time¢, and Asnow(dp) is the scav-

Inlthed;‘t)llowmg sect;on_s, f.l brlef ovle:j\{lewﬂ?f _current S'Ze't enging coefficient for aerosol particles of sizgand can be
resolvedisnowparameterizations, inciuding their component . 1ated based on the concept of collection efficiency be-

parameters, is first given (Sect. 2); next, a summary of the Ctween falling hydrometeors and aerosol particles (e.g. Slinn,

sults of sensitivity tests that were conducted to investigate198 4). The size-resolved scavenging coefficient is parame-
uncertainties inAsnow induced by these various parameters terizea as

is provided (Sect. 3). The uncertainties of existing theoreti-

cal size-resolved\snow parameterizations are then assessed o

further by using various combinations of the component pa-Asnow(dp) = /A(VD —vq) E(dp, Dp)N(Dp)d Dy, (2)
rameter formulas (Sect. 4.1) and by comparing with an avail- 0

= — Asnow(dp) - n(dp, 1), (1)

wheren(dp, t) is the number concentration of aerosol parti-
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Table 1.List of semi-empirical formulas foE (dp, Dp).

Source Formulas

Slinn (1984% E(dp.2) = (S%>a n [1_ eXp(_ (1+ Rei/z» (dp)L/ZZ)Zi| . (&f"s—rffz/s)S/z

Murakami et al. (198%)  E (dp, Dm) = ;‘g‘% (0_65+ 0.445:1/3 Rel/Z) 4 08571186 (Szexp(&%: giexp(szﬂ)y
Dick (1990f E (dp, Dm) = 7 <1 +0.4ReM6 Pel/3) n %

2 is the characteristic capture length and depends on the shape of snow particles (e.g. sleet/graupel, rimed crystals, powder snow, dendrite, tissue paper, and
camera film) R, is the Reynolds number corresponding to the spekiffcis the Schmidt numbesSc = pa/paDgit , Wherepa is the dynamic air viscosity,
pa is the air density andyg;js; is the aerosol-particle diffusion coefficietis the Stokes number argi* is the critical Stokes number:
or* = 1.2+(1/12)In(1+Re;)
- 1+In(14+Re;)  °
b The formula is for snow aggregatesgjs is the aerosol-particle diffusion coefficieReis the Reynolds number of a snow particke: = DmVppa/ 1a,
whereps is the air density angla is the dynamic air viscosityscis the Schmidt numbeiSc = Ma/,oaDdiff, and/ is the size ratialp/Dc, with D¢ the
characteristic length of the snow particle. The third term is the theoretical solution of a simplified flow model by Ranz and Wong (1952), involving parameters

S$1, S ands’, and can be simplified texp(ﬁ)) if St>1/16, or to 0 if St< 1/16 (Feng, 2009), whe@tis the Stokes number.

€ Pe is the Péclet numbewe = DmVp / Dyitt , WhereDgjs; is the aerosol-particle diffusion coefficiefteis the Reynolds numbeRe = DmVp pa/21a,
wherepa is the air density angl, is the dynamic air viscosityu is the aerosol-particle mass, apng is the dynamic air viscosity.

where N (Dp)d Dy is the number of snow particles with a tals (approximated as hexagonal plates) at low to intermedi-
melted diameter betwedd, andDp +d Dp in a unit volume  ate Reynolds numbers, and Miller and Wang (1989) studied
of air (m=3), Vp andvy are the terminal velocities (nT$) of E for columnar snow crystals using a theoretical model. Sev-
snow particles and aerosol particles, respectivEly, Dp) eral field measurements and laboratory experiments under
is the collection efficiency (dimensionless) between aerosotontrolled conditions have also been conducted to study and
particles of sizel, and a snow particle of melted sizi, and  verify theoretical results (e.g. Knutson et al., 1976; Sauter
A is the effective cross-sectional area of a snow-particle proand Wang, 1989; Murakami et al., 1985). These studies sug-
jected normal to the fall direction (fln According to Eq. (2), gest that a complete theoretical model forwould be too
four parameters thus determine the valua gfow(dp): (i) the complex to be implemented in CTMs.
snow particle—aerosol particle collection efficiency; (ii) the  Three different size-resolved semi-empirical formulas for
snow-particle number size distribution; (iii) the snow-particle E have been developed for snow scavenging for CTM appli-
terminal velocity (assumingp > vy); and (iv) the snow- cations (Slinn, 1984; Murakami et al., 1985; Dick, 1990) as
particle effective cross-sectional area. Available formulas forlisted in Table 1. Generally these formulas use a conceptual
these four parameters are reviewed and discussed below. Athodel that a hydrometeor can collide with an aerosol parti-
symbols used in this study are defined in Table Al. cle through the mechanisms of Brownian diffusion, intercep-
tion, and impaction. Both the formulas of Slinn (1984) and
2.1 Snow particle—aerosol particle collection efficiency Murakami et al. (1985) consist of three terms, representing
E(dp, Dp) the contributions from these three mechanisms respectively.
Dick’s formula has only two terms, considering the contribu-
E(dp, Dp), the collection efficiency for aerosol particles of tions from Brownian diffusion and impaction but neglecting
diameterd,, of a snow particle of melted diamet®), gives  interception. All three formulas parameterize the contribu-
the rate of collection of aerosol particles of diamekeby the  tion from impaction using the Stokes number. The contribu-
falling snow particle normalized by the number of upstreamtjon from collisions due to Brownian diffusion is parameter-
aerosol particles of diamete swept per unit time across an jzed using the Schmidt number by Slinn, the Schmidt num-
area equal to the effective cross-sectional area of the snower and the Reynolds number by Murakami et al. (1985), and
particle (e.g. Slinn, 1984). The collection efficiency is the the Reynolds number and the Péclet number by Dick. Slinn’s
most important parameter in the calculation of the scavengformula parameterizes the contribution due to interception
ing coefficientAsnowin Ed. (2). There are considerably fewer through the Reynolds number and the interception parame-
studies onE for snow particles and aerosol particles than ter (defined aglp/ 1, wherex is the characteristic length of
there are for rain drops and aerosol particles. However, therghe snow particle), whereas Murakami et al. (1985) only use
are a few studies that descriliebased on rigorous theoreti-  the interception parameter and parameterize it using a simple
cal models involving (i) a particle trajectory model under the power-law relationship. Some of these formulas fohave

influence of the flow field of falling snow crystals and (ii) 2 been used to parameterizgnowin current CTMs (e.g. Gong
convective diffusion model for small aerosol particles. For et al., 2006; Croft et al., 2009; Feng, 2009).

example, Martin et al. (1980) studidgtifor planar snow crys-
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Table 2. List of exponential snow-particle number size distributions. Actual snow-particle size was used in Scott (1982) (see Appendix A),
whereas melted snow-particle sizes were used in other formiiasrecipitation intensity (mmht), andM is precipitation water concen-
tration (g nt3).

N(Dp) = Noeexp(—BeDp)

Source Noe [cm™] Be[cm™1]
Marshall and Palmer (1948)  0.08 Be=41R~0.21
Scott (1982) 0.5 M = 0.37R0:94

Be=20.7M 033 = 2ggr—031

Gunn and Marshall (1958)  Npe= 0.038R 987 g, =255r~048

Sekhon and Srivastava (1970)Nge = 0.025R 094 go = 22.9Rr 045

2.2 Snow-particle number size distributionN (Dp) whereNge is the intercept parameter afidis a slope param-
eter. Different researchers, however, have treaigoand e
Asnow also depends on the number size spectrum of snown different ways: some have adopted a fix®gs, whereas
particles. Various microphysical and dynamical processes inpthers have variedVge according to precipitation intensity
side and below cloud layers modify snow-particle size spec{Table 2). Note that the parameters in Scott (1982) are based
tra. Other factors affecting snow-particle size spectra includeon actual snow-particle siz®,, whereas the other three
ambient temperature, particle habit, precipitation intensity,djistributions listed in Table 2 are for equivalent drop sizes
and the stage of cloud and precipitation development (e.9p,,. A conversion of snow-particle size to equivalent melted
Harimaya et al., 2004; Woods et al., 2008). In practical ap-drop size is needed for the Scott (1982) formula (see Ap-

plications, empirical mathematical formulas derived from the pendix A) to allow a direct comparison of these distributions
observed size spectra have been used to approximate naturgee Sect. 3.2).

snow-patrticle size distributions (e.g. Marshall and Palmer,
1948; Gunn and MarSha”, 1958; Sekhon and Srivastava2_3 Snow-partide terminal Ve|ocityVD
1970; Scott, 1982; Smith, 1984; Mitchell, 1991; Heymsfield,

2003; Field et al., 2005; Woods et al., 2008). For example, thererminal velocities for various snow-particle types have been
eXponential Marshall-Palmer size distribution (MarSha” andstudied both experimenta"y and theoretica”y, and corre-
Palmer, 1948), originally proposed for raindrop size distribu- sponding empirical parameterizations have been developed
tion, was also found to describe snow-particle size distribu-(e.g. Langleben, 1954; Pruppacher and Klett, 1997; Mitchell,
tion reasonably well (Passarelli, 1978). Gunn and Marshall1996; Mitchell and Heymsfield, 2005). Early formulas for
(1958) reported another exponential size distribution func-snow-particle terminal velocity were derived directly from
tion for aggregate snowflakes, the first one to be derived difall speed measurements (i.e. experimentally based) and
rectly from ground observations of snow, following an as- treated the terminal velocity’, as a power-law function
sessment method similar to that used for raindrop size distriyt the ice particle maximum dimensioBm: Vp = a, Db,
butions by Marshall and Palmer (1948). By reanalysing theyhereq, andb, are empirical constants but vary with snow
data set of Gunn and Marshall (1958) as well as analysmg:rystm habit (e.g. Langleben, 1954; Starr and Cox, 1985).
additional snowflake size distribution measurements, Sekhopyoyever, the application of most experimentally based em-
and Srivastava (1970) suggested an updated exponential fofirical formulas is limited to the particle shape for which the
mula. Scott (1982) modified the parameters in the Marshallqneasurements were conducted (see Table 3). More recently
Palmer distribution based on results from Passarelli (1978)eveloped parameterizations are theoretically based formu-
and Houze Jr. et al. (1979), so the modified exponential funciag. A power-law relationship is first determined between the

:?Ord‘?in,get,app"ﬁd totl)arge s%atlial SC"ﬂe.S- To date, Iexzon?rReynolds numbeiRe dimensionless) and the best or Davies
ial distributions have been widely used in various cloud mi- " omgpaD? . , _
crophysics to represent snow size spectra (e.g. Cotton et aﬁ‘,‘j‘mbef ==z dlmen5|onle§s) _(Bohm, 192_39' 1992;
1982; Lin et al., 1983; Rutledge and Hobbs, 1983; ReisneMitchell, 1996); the terminal velocity is then derived from

et al., 1998: Thompson et al., 2004; Croft et al., 2009; FengR& which is determined in terms df. The detailed descrip-

2009; Solomon et al., 2009). tion of generatingX and the empirical relationship é&te—
The basic form of the exponential function for snow- X iS given in Mitchell (1996) and Mitchell and Heymsfield
particle number size distribution is written as (2005). SinceX is a function of the ice particle mass(
and the cross-sectional are&)( both of which are parame-
N(Dp) = NOeexp(—ﬁer), 3) terized as a power-law function of the maximum dimension
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Table 3. List of empirical and theoretical snow-particle terminal velocity (chh)sformulas.

Source Formula Particle shape
Langleben (1954) Vp = 2070331 plane dendrite
Jiusto and Bosworth (1971)  Vp = 1049p%206 plane dendrite
Locatelli and Hobbs (1974) Vp = 64.8D%257 plane dendrite
Molthan et al. (2010) Vp =1101D%145 plane dendrite
Jiusto and Bosworth (1971)  Vp = 153D%206 column

Matson and Huggins (1980)  Vp = 1145D§- graupel
Mitchell (1996) Vp = SET’;Z any shape

0.04394x%970 0.01 < X < 100
0.06049 %831 100 < X <585

Re =1 0.2072x0638 585 x < 1.56x 1P
1.0865¥0499 156 x 10° < X < 108
Mitchell and Heymsfield (2005) Vp = ay DL, Re = a1 XY, m = a Db, A = y DS, any shape

ay —al(pa>(l 2 (ng,)bl,bv = b (B—0+2)-1

Here Dp (cm) is the equivalent diameter of a melted snow particle, agdcm) is the maximum dimension of the frozen snow partiglés

2
the best number = %. m andA are the mass and cross-sectional area of a snow particle, respeatiyely. ands are constants

M,
(see discussion in Sect. 2741. andbq are described as functions &f(see Mitchell and Heymsfield, 2005).

of the ice particle D), the selection of different power-law discussion (Table 4). These are the four habits of snow crys-
functions form andA may lead to large differences inthe  tals that occur most frequently as revealed by ground ob-
value, and thus to large errors Wy (Mitchell, 1996). The servations (Hobbs et al., 1972); they are believed to be the
advantage of the theoretically based parameterizations, hownain habits of snow crystals based on the classification of
ever, is that they can be applied to any particle shape (Tahabit composition as determined from the airborne 2D-C
ble 3). probe imagery and ground-based stereomicroscope obser-
vations (Woods et al., 2008). As well, current cloud-scale
CTMs and numerical weather prediction models only ex-
plicitly distinguish and predict a few types of snow crystals,
including dendrite snowflake, columnar snow crystal, and
graupel (hail) (e.g. Field and Heymsfield, 2003; Thompson
et al., 2008; Morrison et al., 2009).

Note that the particle siz®, used in the diameter-based
mass and area power-law formulas shown in Table 4 is the
maximum dimension for a frozen particle. These relation-
ships can also be represented in term®gf the equivalent
drop diameter of a snow particle when it melts. The melted
mass of a snow particle can be expressed in terms of the di-
ameter of its equivalent water drop as

2.4 Snow-particle cross-sectional ared

Knowledge of the cross-sectional area of a snow particle is
essential for accurate calculation &afnoy and for the esti-
mation of snow-particle terminal velocity. Snow particles can
have dozens of irregular shapes, and it is not realistic to rep-
resent thed of all particle shapes accurately using one single
theoretical formula. A common approach associatingf a
show particle and its mass:f is through the definition of
a parameter: the particle’s maximum dimensiénp,. Both
m andA are parameterized as power-law functionsipf:

= ozD andA =y DZ,, wherex, 8, y, ando are empirical
constants developed from measurements of natural snow par-
ticles (e.g. Locatelli and Hobbs, 1974; Mitchell et al., 1990; ™ = pWatergDps (4)
Mitchell and Arnott, 1994; Mitchell, 1996; Pruppacher and
Klett, 1997; Woods et al., 2008). The detailed empirical ex-where pyqateris the water density. The cross-sectional area of
pressions and related parameters for various snow types wetgfa|ling snow particle can then be written as
reviewed by Mitchell (1996).

In the present study, four habit types of snow crystals — 3\ 5

. X D3\ P

spherical snow crystal, dendrite snow plate, columnar snow, _ (pwatef p) . (5)
crystal, and graupel particle — were chosen for analysis and 6o

www.atmos-chem-phys.net/13/10005/2013/ Atmos. Chem. Phys., 13, 1000825 2013
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Table 4. Snow-particle shapes considered in this study and theircreases; the contribution of inertial impaction becomes sig-
mass and cross-sectional area formuldg, is the snow crystal  nificant when the diameter of an aerosol patrticle is larger than

maximum diameter (cm). a few microns; and the contribution of the interception mech-

. . anism increases with increasing particle size and appears to
Snow-particle  Mass Cross-sectlonzal areéa  pe important for particles in the diameter range from 1.0 um
shape m = aDmP [g] A=yDm° [cm’] to a few microns. The combined contributions of the three
Spheres m = 0.0524py, 3008 4 — 0,7854p,200.2 mechanisms lead to low values for particles in the size
Dendrites e 0'0022Dr2ﬁ19,b A = 022850 88¢ range 0.0hl Hm dp < 1.0hpm. lc\jl%te t'hathothe( potﬁntlal ccr>lllec— .
Columns m = 00450300 4 00512pk4%d tion mec anisms such as diffusiophoresis, thermophoresis,

2.80e 2.00.e and electric charges are not included in these formulas. For
Graupel m = 0.0490Dp;"™ A =0.5000Dp; . . .
rain scavenging of atmospheric aerosols, these several mech-
aObtained fromm = ps(x/6) D3, and A = (x/4) DZ,, with ps = 0.1g cm3. anisms are less important than the three major mechanisms
> From Woods et al. (2008). _ , discussed above and are only significant for particles in the
From Mitchell (1996) for “Aggregates of side planes”. . . i
d From Mitchell (1996) for “Rimed long columns”. size range of 0.01-1.0 um (Tinsley et al., 2000; Wang et al.,
€ From Mitchell (1996 for “Lump graupel”. 2010; Santachiara et al., 2012). This is also expected to be

the case for snow scavenging of aerosols.
It is evident from Fig. 1 that thé(d) profiles for fixed
3 Sensitivity of theoretical size-resolved\ snow to Dy, from the Murakami et al. (1985) and Dick (1990) for-
input-parameter selections mulas are not very sensitive to the snow-particle shapes. The
four E(dp) profiles for four snow-particle shapes based on
From Sect. 2 we know that four component parameters deterthe same formula are similar. For example, all have a min-
mine AsnowValues and that different formulas have been pro-imum E value at the same particle diameté&rdp) values
posed in the literature for these parameters (see Tables 1-4fpr these two formulas also differ only by a factor of 2 to
The sensitivity ofAspowto the choice of one of these differ- 3 between different snow-particle shapes across the entire
ent formulas for each of these component parameters is disaerosol-particle size range. Note that all of the formulas in
cussed below. To perform the numerical sensitivity tests pre-Table 1 depend on snow-particle terminal velocity ei-
sented below, 100 size bins were used to discretize the sizéher directly or through the Reynolds and Stokes numbers. In
distribution of snow particles, and a second set of 100 sizehe sensitivity tests presented in Fig.Vi, values were cal-
bins were used to discretize the size distribution of aerosotulated for all snow-particle habits based on the theoretical
particles. The size ranges considered were 10 um to 10 mrformula developed by Mitchell and Heymsfield (2005) (see
in water-equivalent particle diameter for snow particles andTable 3; the details of th&), calculation will be discussed
0.001 to 100 um in particle diameter for aerosol particles. Alater in Sect. 3.3). Since different snow-particle shapes have
constant volume ratio between successive size bins was usatifferent A andm values (Table 4), this leads to different
for both discretizations. The temperature and pressure werReynolds numbeRe and different best or Davies number

assumed to be-10°C and 1013.5 hPa, respectively. values, and thus to differeritp values, which caused the
small differences inE(dp). In contrast, theE(dp) profiles
3.1 Sensitivity of Agnowto E for fixed Dy, from the Slinn (1984) formula showed a dif-

ferent pattern. TheE (dp) profiles for the dendrite and col-
Figure 1 compares collection efficienci&fdp, Dp) based  umn snow-particle shapes are basically the same, and the
on the three formulas listed in Table 1 across the aerosol£(dp) profiles for the sphere and graupel particle shapes are
particle diameter range from 0.001 to 10 um for collection also similar. However, th& (dp) profiles between these two
by monodisperse snow particles with four different shapesgroups differ significantly, especially for the aerosol-particle
and three different maximum size®,. Each colour in  sizes where the minimurf value occurs. This is due to val-
Fig. 1 represents one formula listed in Table 1, and the dif-ues specified for two of the parameters used in Slinn’s for-
ferent symbols on the lines distinguish the four different mula (see Table 1), anda were given as 10.0 um and 1.0,
snow-particle shapes (Table 4). A strong dependencE of respectively, for dendrite and column shapes but 100.0 pm
on aerosol-particle size is found for all cases. The ultra-and 2/3, respectively, for sphere and graupel shapes.
fine particles  <0.01 um) and large particlegy(>3 um) Differences inE between the Murakami et al. (1985) and
have the largesE values while particles withi, around  Dick (1990) formulas are significant for all aerosol-particle
0.1um have the smallest values. This variation is cer- sizes and for all snow-particle sizes and shapes considered
tainly caused by the size-dependence of the collection mechhere. The largest differences occur for particle diameters
anisms, namely Brownian diffusion, interception, and iner-around 0.1 um, for which the difference can be larger than
tial impaction, considered in the formulas in Table 1. The one order of magnitudeE decreases significantly with in-
contribution of Brownian diffusion taZ dominates for the creasing collector (i.e. snow particle) size in these two for-
ultrafine particles but decreases rapidly as particle size inmulas. The difference i between these two formulas also
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Fig. 1. Size-resolved snow collection efficiency profilE%dp, Dp) calculated using the three formulas listed in Table 1 (three different
colours) for aerosol particles from 0.001 to 10 um in diameter collected by monodisperse snow particles of three different (frozen) sizes:
(a) 0.1; (b) 1.0; and(c) 5.0 mm. Four different snow-particle shapes are considered for each snow-particle size (different symbols in each
colour group). Note irfa), (b) and(c) the overlap of red triangle and red square and partial overlap of red circle and red cross(agniden

overlap of blue triangle and blue cross and the overlap of blue circle and blue square.

decreases with increasing collector size. The dependence @ferosol-particle size, snow-particle shape, and snowfall in-
E on collector size is because larger collectors have largetensity. For the largest aerosol particles (dg> 10.0 um),
Vp values, and thus larg&evalues, which results in smaller the differences imsnoware small (e.g. a factor of 2) for both
E values (see formulas in Table 1). Comparifiyalues for ~ snowfall intensities and all snow-particle shapes due to the
the Slinn (1984) formula with those from the Murakami et very similarE values in this aerosol-particle size range (close
al. (1985) and Dick (1990) formulas, the differences are everto unity; not shown in Fig. 1). For aerosol particles smaller
larger, especially for smaller collectors (e.g. Fig. 1a). Differ- than 10 um, a difference of one order of magnitude or larger
ences up to nearly three orders of magnitude can be seen fas seen under all snowfall intensity and snow-particle shape
aerosol-particle sizes from 0.1 to 2 um. It should be pointedconditions. It can also be seen that the differences diow
out that theE values for the Slinn (1984) formula do not are smaller for aerosol particles smaller than 0.01 um than
change much with collector size becausendw values are  for particles between 0.01 and 10.0 um, consistent with the
fixed for all collector sizes, a different behaviour from the differences inE profiles shown in Fig. 1.
other two formulas discussed above. The differences inE(dp, Dp) values between the differ-
The sensitivity of Asnows Calculated using Eq. 2, to the entE(dp, Dp) formulas are larger for smaller collectors (i.e.
choice of the three different formulas fér(Table 1) isillus-  snow particles) than for larger collectors (Fig. 1). For any
trated in Fig. 2 for two snowfall intensities (as liquid water snow-particle size distribution, lower snow intensities would
equivalent): 0.1 mmh! (solid line) and 10 mmh! (symbol have more small collectors than stronger snow intensities
line). The snow-particle terminal velocity used for Fig. 2 was (see discussion in the next section). Thus, the differences in
that of Mitchell and Heymsfield (2005) (see Table 3), and the Asnowthat arise from using different formulas féi(dp, Dp)
snow-particle size spectrum followed Sekhon and Srivastavare larger for lower snow intensities (compare the ranges of
(1970) (see Table 2). Figure 2 indicates that the differenceshe solid lines and dashed lines in Fig. 2).
in Asnow due to the different (dp, Dp) formulas vary with
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Fig. 2. Size-resolved snow scavenging coefficient profilegow determined for three differer (dp, Dp) formulas (three different colours)

under snowfall intensities of 0.1 (solid line) and 10.0 mrth(symbol line) for four snow-particle shape&) spheresyb) dendrites;
(c) columns; andd) graupel.

Figure 2 also suggests thatnow values derived fromthe GM and SS, and the Scott (SC) distribution is even more
Murakami et al. (1985) and Dick (1990) formulas agree well different. All four exponential distributions yield large num-
(e.g. within a factor of 2) for aerosol particles larger than bers of small snow particle®f <0.1 mm). This is due to the
1.0um and differ by a factor of 3 to 4 for aerosol parti- limitation in the definition of the exponential formula, which
cles smaller than 0.1 um for all snow shapes and snowfalgenerally predicts maximum number concentration for parti-
intensities. In contrastsnow Values from the Slinn (1984) cle sizes approaching zero (see Eq. 3).
formula show a large deviation from those of the other two The percentages of snow-particle number concentrations
formulas, in particular for the aerosol-particle size range ofin different size ranges are shown in Table 5 for three of the
0.1 pm <dp <10.0 um, except for the case for dendrites and afour snow-particle size distributions and four snowfall inten-
light snowfall intensity. Again, this can be explained by the sities. Note thatNge is fixed for the MP and SC distribu-

E patterns shown in Fig. 1. These results suggest that the fotions but decreases with increasing snowfall intensity for the
mulation used to describe the collection efficiency is a verySS distribution (see Table 2). Thus, the total snow-particle

important source of uncertainty in estimatingnow number concentrations from the MP and SC distributions in-
crease, and those from the SS decrease with increasing snow-
3.2 Sensitivity of Asnow to N(Dp) fall intensity (Table 5). The total number concentrations from

different size distributions can differ from less than one or-
Snow-particle size distributionsV((Dp)) generated from the ~ der of magnitude to more than two orders of magnitude, de-
four widely used exponential formulas listed in Table 2 are P€nding on snowfall intensity. For all of the size distribu-
shown in Fig. 3 for two snowfall intensities (as liquid water ions, however, the percentages of the smallest snow parti-
equivalent): 0.1 and 1.0 mnth. The Gunn—Marshall (GM) ~ ¢les (<0.1mm) decrease, and those of the largest snow par-
and the Sekhon-Srivastava (SB)Dp) profiles are quite t|clgs (>1 mm) increase wnh_mcregsmg.snowfall intensity.
close due to their similar values for the intercept parameter! NiS can also be seen from Fig. 3, in which all of the snow-
Noe and slope parametefi (see Table 2). The Marshall— particle size distribution profiles shift to larger snow-particle
Palmer (MP) distribution differs significantly from those of Siz€s with increasing snowfall intensity.
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L. Zhang et al.: Review and uncertainty assessment of size-resolved scavenging coefficient formulations 10013

Table 5. Total snow-particle number concentratiagvial, m~3) for three of the number size distributions listed in Table 2 for four different
snowfall intensities (as liquid water equivalent). MP denotes the Marshall and Palmer (1948) distribution, SC the Scott (1982) distribution,
and SS the Sekhon and Srivastava (1970) distributfan.fo, and f3 are the percentages of the snow particles with equivalent melted

diameter smaller than 0.1 mm, between 0.1 and 1.0 mm, and larger than 1 mm, respectively.

R (mmh1) MP sc SS
Nootal  f1 2 I3 Niotal  f1 fo f3 Niotal i 1 /3
m=3) @) (%) (%) (M3 @) (%) (%) 3 @) (%) (%)
0.1 11265 46.4 534 0.2 8381.3 37.0 63.0 0.0 3164.7 454 543 0.2
1.0 18725 319 66.1 2.0 17238.9 20.2 79.7 0.1 1066.1 19.3 695 11.2
50 26554 240 699 6.1 284747 128 854 1.8 490.1 99 555 346
10.0 3083.2 21.1 70.0 8.9 35332.7 105 856 3.9 349.9 7.3 46.7 46.0
a b
107" @) 107" )
1072 g‘lg 107
& 1070 GM 107
! — SS
£
S 10 107
Q =
2 10 10
k=]
Z 10° 107°
107 i 10" -
R=0.1mmh R=1.0mmh
10° 10°®
107 107 10° 10' 107 107" 10° 10’

The melted diameter of snow particle, D ( mm) The melted diameter of snow particle, D ( mm)

Fig. 3. Snow-particle number size distributions under snowfall intensities (as liquid water equivalétpdf mm b1 and(b) 1.0 mm 1
for four different formulas: MP — Marshall and Palmer (1948); SC — Scott (1982); GM — Gunn and Marshall (1958); and SS — Sekhon and
Srivastava (1970).

Figure 4 shows the sensitivity @fsnowto the four different  Asnow On snowfall intensity is also greater for sorNg Dp)
snow-particle number size distributioNg Dp) considered in  formulas than others. Based on thenow profiles shown in
Fig. 3 for four snow-particle shapes and two snowfall intensi- Fig. 4, we can conclude that in general different assumptions
ties (as liquid water equivalent): 0.1 mmhand 10 mm h. for N(Dp) contribute an uncertainty to th&snow profile of
Vp and E(dp, Dp) were assumed to follow the theoretical about one order of magnitude for all aerosol-particle sizes
formulas of Mitchell and Heymsfield (2005) and Murakami under all snow-particle shape and snowfall intensity condi-
et al. (1985), respectively. Note that the magnitudes of thetions.
uncertainties iMAsnow caused byV (Dp) are similar if other
formulas are used fovp andE (dp, Dp) (see Sect. 4.1), but
the Mitchell and Heymsfield (2005) formula was used here

because it is applicable to all snow-particle shapes. Dif'fer-Figure 5a shows the terminal velocitiég, of snow par-

ences iNAsnow values derived from the;e different(Dp) ticles with four different shapes calculated from empirical
formulas are up to one order of magnitude for all aerosol-,,q heoretical formulas selected from Table 3. Each colour
pgrncle sizes for a light spowfall intensity (01 mm]h. The represents one particle shape, and each line represents one
differences inAsnow also increase with increasing snowfall ¢,0,15 Note that the theoretical formula of Mitchell and
intensity and can be !arger_than one order of magnltude_ for Feymsfield (2005) was considered to apply to any kind of
very strong snowfall intensity (e.g. 10mm¥. However, it snow-particle shape. Results from the theoretical formula of
should be pointed out that the increase in the uncertainties OI(/IitcheII (1996) are not shown in the figure because the cal-
Asnowwith increasing snow intensity is not a linear relation- ¢ 1a1ed values are quite close to those from Mitchell and
sh!p beca_use d'ﬁer_eW(D_P) for_mulas_resp(_)nd dlﬁerently Heymsfield (2005). For snow particles larger than 0.2 mm,
toincreasing snow_lr_wt_ensny. This re_latlonsh|p was conflrmedVD values for the same particle shape but based on different
by a full set of sensitivity tests covering a large range of SNOWso i ulas are generally within a factor of 5: however, the dif-

intensities (results not presented here). The dependence @i ences can be larger than a factor of 10 if considering both

3.3 Sensitivity of Agnowto Vp and A
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Fig. 4. Size-resolved snow scavenging coefficient profiles obtained using the four different snow-particle number size distributions shown in

Fig. 3 for snowfall intensities (as liquid water equivalent) of 0.1 (solid line) and 10 min(ymbol line) for four different snow-particle
shapes.

different particle shapes and different formulas. For snowlent). The physical reason for the differencestighow from
particles smaller than 0.2 mm, the differenced/if can be  using differentVp and A formulas is simply that the faster
up to two orders of magnitude and generally increase rapidlythe falling speed or the larger the cross-sectional area of a
with decreasing snow-particle size. As wéll, values from  collector, the faster the collection process will happen. Thus,
all of the empirical formulas are larger than those from theformulas giving largeVp or A values will result in larger
theoretical formula of Mitchell and Heymsfield (2005) for Asnow Values. All of the sensitivity tests shown in this fig-
all particle shapes. The best agreement between the empitre used the snow-particle size spectrum formula of Sekhon
ical and theoretical formulas is for the dendrite shape andand Srivastava (1970) (Table 2) and the collection efficiency
snow particles larger than 0.2 mm. formula of Murakami et al. (1985) (Table 1). As in Fig. 5a,
Figure 5b shows the cross-sectional aseaf a snow par-  each colour in Fig. 6 represents one snow-patrticle shape, and
ticle versus its maximum dimension for four different snow- each line represents ong, formula. It is also evident from
particle shapes based on the power-law formulas listed in TaFig. 5b that each snow-particle shape only has one formula
ble 4. The differences i between different snow-particle available forA. Thus, the influence oFp on Agpow Ccan be
shapes increases from a factor of 3 to a factor of more thamdentified by comparing\snow profiles for the same snow-
10 as snow-patrticle size increases from 0.1 to 10 mm. particle shape (i.e. same coloured lines), while the influence
The results of sensitivity tests conducted to investigate theof A on AgnowCan be identified by comparingsnow profiles
influence of Vp and A on Agpow for four different snow-  based on the samig, formula (e.g. the four solid lines using
particle shapes and three different snowfall intensities (0.1the formula of Mitchell and Heymsfield, 2005). The overall
1.0 and 10 mmh! as liquid water equivalent) are shown in uncertainty in theAsnow profile shown in Fig. 6 is thus due
Fig. 6. Asnowprofiles were calculated for the ning, profiles to the combination of influences from boty andA.
shown in Fig. 5a and the fout profiles shown in Fig. 5b for Figure 6 shows thatsnow Mmay vary by a factor of 2 to
each snowfall intensity. Note that mdgp and allA formu- 3 for the same snow-particle shape for all aerosol-patrticle
las are empirical, and both quantities are parameterized asizes if differentVp formulas are used, and it may also vary
simple functions of snow-particle diameter (in water equiva- by a factor of 2 to 3 for different snow-particle shapes even
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10 3 Mitchelland Heymsfild (2005)—Graupel 4.1 Uncertainties in theoretical estimates of
] 3 size-resolvedA gnow profiles

As discussed in the previous sections, theoretically based pa-
rameterizations ofAgnow require knowledge of (dp, Dp),
N(Dp), Vp, andA. However, due to the natural variability

of snow-particle shapes and densities, the limited experimen-
tal evidence, and the complexity of microphysical collection
processes, there has not been any agreement or consensus
in the modelling community as to which formulas should

be used for the above-mentioned component parameters in

Terminal fall velocity (m 3_1)

e (b) the calculation ofA snow. For example, Feng (2009) proposed
'c 10’ e a size-resolved model for below-cloud snow scavenging, in
:E“l ] Sphere E which E (dp, Dp) was based on a combination of schemes by
s 10° 1 Dendrite - Martin et al. (1980), Miller and Wang (1989), and Murakami
2 g‘r’;ﬂ; ] etal. (1985)N (Dp) followed Sekhon and Srivastava (1970),
g 107" andVp and A followed Mitchell (1996). Croft et al. (2009)

z also proposed a size-resolved parameterization for below-
S 107”4 cloud snow scavenging, in whidh followed Dick (1990) or

& Slinn (1984), but all snow particles were assumed to be 30 pug
g 1072 4 in mass and 0.5 mm in radius and to fall at 80 crh.$Song et
% al. (2006) parameterized aerosol scavenging by snow based
b 1074 4 on the Slinn (1984) formula foE and assuming a stellar
B 3 3 shape for snow crystals wher25°C <T <0°C and a grau-

S 107 -/ A pel shape whef <—25°C.

o 102 107" 10° 10" In this section, the uncertainties in existing theoreti-

cal size-resolved\ snow parameterizations were investigated
using various combinations of the available formulas for
Fig. 5. Snow-particle(a) terminal velocity andb) cross-sectional the above-mentioned component parameters. Three semi-
area vs. maximum snow-particle dimension derived from differentempirical formulas forE(dp, Dp) (Slinn, 1984; Murakami
parameterizations (see Tables 3 and 4). et al., 1985; and Dick, 1990; see Table 1 and Sect. 2.1)
and three formulas foN (Dp) (SS — Sekhon and Srivastava
(1970); SC — Scott (1982); and MP — Marshall and Palmer
(1948); see Table 2 and Sect. 2.2) were combined together to
for the sameVp formula. The combined uncertainties from generate nine sensitivity tests for each of four snow-particle
both Vp and A can thus be as high as a factor of ¥now  shapes (Fig. 7). Th&p formula of Mitchell and Heyms-
values also increase with increasing snowfall intensity, as ddield (2005) was used in every sensitivity test because this is
the uncertainties imspow Values. While the uncertainty in the only formula applicable to all snow-particle shapes. This
Asnow caused by uncertainties in eith&p or A is smaller  formula is a physically based parameterization, and it seems
than those associated with the representatio® @f, Dp) to predict more reasonabléy values for small snow parti-
or N(Dp), the combined uncertainty due ¥ andA can  cles (i.e.Dm <0.5 mm) than empirically based formulas (see
be comparable to the other two factors in some cases (e.gect. 3.3). Besides, the uncertaintyAig,owVvalues due to the
for large aerosol particles and for strong snowfall intensity; specification ofV;, is much smaller than those introduced by
compare Fig. 6¢ with Fig. 2). It is also worth noting that the the specification of (dp, Dp) and N (Dp) (Sect. 3.3). Note
uncertainties im\ caused by, are larger for the snow con- that uncertainties from various formulas are implicitly in-
ditions discussed here than for the rain conditions discussedluded in different snow-particle shapes, as can be seen by
in Wang et al. (2010), and the largest uncertainties undecomparing the four panels in both Figs. 7 and 8.
snow conditions are for large aerosol particles vs. submicron Under light snowfall intensities (e.g. 0.1mmh in
aerosol particles under rain conditions. Thus, significant dif-Fig. 7), the uncertainties in the calculatég,oware generally

Maximum snow particle dimension, Dm ( mm )
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Fig. 6. Size-resolved snow scavenging coefficientshow derived from using different terminal velocity parameterizations for snowfall
intensities (as liquid water equivalent) @) 0.1, (b) 1.0, and(c) 10 mm h~1. Note that among the four green lines, the circle one is at the
bottom and the other three are close to each other.

in the range of one to two orders of magnitude for very smallvidual parameter can either cancel each other (i.e. profiles
(i.e. dp<0.01um) and very large (i.elp>10pum) aerosol close together) or enhance each other (i.e. profiles further
particles. The uncertainties are much larger for the me-apart).
dian size aerosols (i.e. two orders of magnitude or more). Figure 8 shows a similar comparison to Fig. 7 but for a
The largest uncertainty occurs at an aerosol-particle size o$nowfall intensity of 1 mm h'. When snowfall intensity in-
around 0.1pum for dendrite and column habits and at arcreasesAsnow Values also increase for all aerosol-particle
aerosol-particle size of around 1pum for sphere and grausizes (compare Fig. 8 with Fig. 7; note the different scales
pel habits. This difference is largely associated with snow-for the y axes), as do uncertainties in thgnow values. The
particle shape caused by the differenceB (dp, Dp) profiles  increases in uncertainty are larger for small aerosol particles
for different snow-particle shapes (as shown in Fig. 2). The(0.001-0.1 um) than for large particles. Comparing the ratio
ranges ofAsnow Values for any aerosol-particle size are also of the maximum to the minimum spow for each individual
different for different snow-particle shapes as can be seen byerosol size using data in Figs. 7 and 8, respectively, it was
comparing the four Fig. 7 panels, which is due in part to thefound that this ratio increased by 30-60 % for all four snow-
impact of differentA formulas on the calculated spow Val- particle shapes for ultrafine aerosol particlés<{0.01 um),
ues. 10-25 % for particles in the diameter size range from 0.01 to
It was shown in Sect. 3 that, for a snowfall intensity (as 10 um, and 15 % for very large particle & 10 um) when
liquid water equivalent) of 0.1 mnTH, different E (dp, Dp) the snowfall intensity increased from 0.1 to 1.0 mnt hAp-
formulas can cause uncertaintiesAgnow Of One to two or-  parently, some formulas are more sensitive to snowfall inten-
ders of magnitude, and different(Dp) formulas can cause sity than others are for smaller aerosol particles. The uncer-
uncertainties im spow Of One order of magnitude, depending tainties in Asnow Can be as high as two orders of magnitude
on aerosol-particle size. As shown in Fig. 7, the combined(e.g. neard, = 0.1 ym for dendrite and column habits and
uncertainties from bothE (dp, Dp) and N(Dp) are larger  dp=1pum for sphere and graupel habits). From Sect. 3.2 it
than those caused by the individual parameters for all aerosas known that the differences in the total number of snow
sizes. Thus, the uncertaintiesArnow values from each indi-  particles between differenw (D) formulas increase with
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Fig. 7. Size-resolved\snow profiles derived from nine theoretical parameterizations generated by a combination of three diftepeifitp)

and three differenw (Dp) formulas for a snowfall intensity (as liquid water equivalent) of 0.1 nrh for four different snow-particle shapes:

(a) spheres(b) dendrites;(c) columns; andd) graupel. The following abbreviations are used: SS — Sekhon and Srivastava (1970); SC —
Scott (1982); MP — Marshall and Palmer (1948); MH — Mitchell and Heymsfield (2005); SL — Slinn (1984); MU — Murakami et al. (1985);
and DI — Dick (1990). Also shown are two empirical results: PA-Empiksnow calculated from Paramonov et al. (2011) and, KY-Empir. —
Asnowcalculated from Kyr6 et al. (2009), which are only valid for aerosol particles with diameters between 0.01 and 1.0 um.

increasing snowfall intensity. This behaviour at least partly4.2 Comparison between theoretically and
explains the increased uncertaintiesAgnow With decreas- empirically estimated A gpow profiles
ing aerosol-particle size.

Itis worth noting that a full set of sensitivity tests was con- The only way of evaluating the accuracy and applicability
ducted using all possible combinations of the formulas listedof theoreticalAsnow formulas is to compare them with mea-
in Tables 1-4 covering a range of precipitation intensitiessurements. One practical issue, however, is that the availabil-
from 0.001 to 10mmh! (liquid water equivalent). Based ity of size-resolvedAsnow data from measurements is very
on this complete set of sensitivity tests, it was found that thatimited (Kyr6 et al., 2009; Paramonov et al., 2011). A more
the uncertainties shown in Figs. 7 and 8 could be further in-fundamental issue with comparing measureghow values
creased by a factor of 2 or so if additiorigh formulas were ~ With theoretical ones is that they are not exactly comparable
included in the figures, which agrees with the findings shownbecause of the greater number of physical mechanisms influ-
in Fig. 6. These tests also confirmed tiagon magnitudes encing field measurements relative to the mechanisms con-
increase further for all aerosol-particle sizes compared tcsidered in theoretical snow formulations. This incommen-
Figs. 7 and 8 if snowfall intensity increases to 10mmh surability has been demonstrated and discussed previously

and the magnitude of the uncertaintiestighowincreases as  for cases of rain scavenging of atmospheric aerosol particles
well, (Flossman et al., 1991; Andronache et al., 2006; Wang et al.,

2011; Quérel et al., 2013). It is thus unrealistic to expect ex-
act agreement between theoretically and empirically derived
AsnowVvalues. Nevertheless, field measurements can serve as
constraints (i.e. upper bounds) to the theoretical formulas.
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Fig. 8. Same as in Fig. 7 but for a snowfall intensity of 1.0 mmtKnote change iy axis range with respect to Fig. 7).

Asnow Values calculated using two empirical formulas, valid only for an aerosol-particle diameter range of 0.01—
one from Kyr6 et al. (2009) (Appendix B) and one from 1.0 um. Since neither of the empirical formulas depends on
Paramonov et al. (2011) (Appendix C), are also shown insnowfall intensity, the same dashed curves are plotted in each
Figs. 7 and 8. The empirical formula of Kyr¢ et al. (2009) panel of Figs. 7 and 8 for comparison. However, it should
was developed based on four years of field data collectedbe kept in mind that both formulas should be more compa-
in a rural background environment in Finland and only de-rable with Fig. 7 (with a snowfall intensity of 0.1 mnth)
pends on particle size. Snowfall intensities during the meathan with Fig. 8 (with a snowfall intensity of 1.0 mnth)
surement period were generally low, with a median valueaccording to the snowfall intensity distributions in the field
of 0.2mmi? (as liquid water equivalent). The formula of measurements. Note that RH was taken to be 90 % in the cal-
Paramonov et al. (2011) was developed based on four wintersulation of A gnowusing the Paramonov et al. (2011) formula.
of field measurements in an urban environment in Finland. It can be seen from Fig. 7 that the two empirical formu-
In this study, the measurements sampled a variety of differlas reasonably agree with each other, with differences mostly
ent snow-particle shapes and snowfall intensities (as liquidwvithin a factor of 2 to 3 depending on aerosol-particle size.
water equivalent) from 0.1 to 1.2mnth However, snow- These differences may be attributable to different snow con-
fall intensities were not evenly distributed within this range: ditions, aerosol size distributions, and data selection criteria
nearly 60 % of snow events had intensities<o®.2 mm L. (Paramonov et al., 2011). As expected, all of the theoretical
The Paramonov et al. (2011) study also found a strong deAspowVvalues are lower than the empiricanowvalues. Even
pendence ofAsnow ON ambient relative humidity (RH) and the upper-range values of the theoretically estimated values
a weak dependence on snowfall intensity. Thus, their empirare still more than five times lower than the empirical ones
ical Asnow formula is a function of RH but, like the Kyré for aerosol particles around 0.1 um in diameter, although the
et al. (2009) formula, does not depend on snowfall intensity.differences become much smaller for other aerosol-particle
The dependence dfshow0n RH might be because the higher sizes. Looking at Fig. 8, the upper-range values of the theo-
the RH, the stickier the snow particles will be, whereas theretically estimated values are similar to the empirical ones for
weak dependence ofsnow 0N snowfall intensity might be  this case in which the snowfall intensity has been increased to
due to the small number of snowfall intensities sampled dur-1.0 mm hr1. However, this is somewhat expected. As noted
ing the measurement period. Both empirical formulas areabove the empirical formulas fatsnow do not increase with
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increasing snowfall intensity as the theoretical formulas do,tegrated for each combination of snowfall intensitygnow
and the empirical formulas are based mainly on measureparameterization, and initial aerosol-particle size distribution
ments under conditions with snowfall intensities in the 0.1—with a time step of 10 s to the time when an accumulated total
0.5mmh ! range, lower than the snowfall intensity consid- precipitation amount of 5 mm was reached.
ered in Fig. 8. Figure 9 shows the time evolution of the bulk number

Bearing in mind the limited available field data, the com- and mass concentrations normalized by their respective ini-
parisons shown in Figs. 7 and 8 suggest that theoretical egtal values. Significant differences in the predicted bulk num-
timates of Aspow Will be lower than field measurements and ber and mass concentrations were found from using different
that some of the differences may be explained by known fac-A snow formulas. In less than one hour for a typical snowfall
tors if the findings from rain scavenging studies (e.g. An-intensity (e.g. 1.0 mmh' as liquid water equivalent, which
dronache et al., 2006; Wang et al., 2011; Quérel et al., 2013js approximately 1 cmh! of accumulated snow depth; see
can also be applied to snow scavenging. In addition, thesecond row in Fig. 9), factor-of-2 differences were found
upper-range values of the theoretidal o formulas are be- in both bulk number and mass concentrations for both ma-
lieved to be more realistic and should be used in regional- taine and urban aerosol distributions. It is also clear from
global-scale CTMs even though the upper range of the theFig. 9 that the impacts of using differemtsnow parame-
oretical Asnow Values is still a factor of 2 or more smaller terizations are quantitatively different for the bulk number
than empiricalAsnow Values from field measurements. This and mass concentrations. This is becatiggow Values are
recommendation reflects the competing facts that some prarigher for large aerosol particles than for small ones and the
cesses such as turbulent diffusion that contribute to the highebulk number concentration is associated with small particles,
measured values are already represented elsewhere in théhereas the bulk mass concentration is generally associated
CTMs, whereas some microphysical mechanisms relevantith large particles, as can be seen from the initial particle
to rain scavenging such as thermophoresis, diffusiophoresisize distributions shown in Fig. 10 in Wang et al. (2010).
and electrostatic forces are not accounted for in the theoretiThis explains why the bulk mass concentrations decreased
cal Asnow parameterizations. more rapidly in the first hour than the bulk number concen-

trations, but the trend then reversed in later hours after the
4.3 Impact of Agnow Uncertainties on predicted aerosol — majority of larger particles had already been removed.
concentrations
4.4 Comparison betweem gnow and Aqain

To investigate the impact of differemsnow parameteriza-
tions on predicted aerosol-particle populations undergoingComparing the uncertainties faxsnow that have been re-
below-cloud snow scavenging, the same approach as thatiewed in this study with those faok 4, that were reviewed
used in Wang et al. (2010) to investigate the impact ofin a previous study (Wang et al., 2010), both similarities and
below-cloud rain scavenging was also used here. Brieflydifferences were found in terms of the uncertainties caused
the time evolution of a size-resolved aerosol-particle pop-by various input parameters. For bathynow and Arain, the
ulation can be obtained by solving Eq. (1) for any given formulation of the collection efficiencf between hydrom-
Asnow The bulk aerosol number and mass concentrationsteors and aerosol particles is the largest source of uncer-
at any timer can then be obtained from an integration by tainty amongst all of the input parameters. The uncertainties
particle diameter over the entire aerosol-particle size distriin Aspowa@ndAzin caused byE can be more than one order of
bution. For the cases discussed below, two snowfall inten-magnitude for almost all aerosol-particle sizes. Uncertainties
sities (0.1 mmh? and 1.0mmh?, as liquid water equiva- in Asnow Caused by other parameters (snow-particle number
lent), threeA snow parameterizations, and two initial aerosol- size spectrum, terminal velocity, and shape) can also be as
particle size distributions were chosen. The thraegowpa-  large as one order of magnitude, whereas the corresponding
rameterizations considered were the MRH+SL formula, uncertainties forAan are all smaller than a factor of 5.0.
representing the lower range of the theoretidahow pa- The combined uncertainty from all sources is thus larger for
rameterizations, the SEMH+MU formula, representingthe  Agnowthan for A in.
upper range of the theoreticalsnow parameterizations, and It has been speculated that snow particles might scavenge
the empirical formula developed by Paramonov et al. (2011)more aerosol particles (in terms of both number and mass
(see Figs. 7 and 8). The two initial aerosol size distribu- concentrations) than raindrops do for an equivalent precip-
tions correspond to a marine case and an urban case: th&ation amount given the larger surface areas and various
former represents the lower range of aerosol concentrationshapes of snow particles (Reiter and Carnuth, 1969; Magono
(202 cn 3 and 16.1 pgm? for initial number and mass con- et al., 1975; Graedel and Franey, 1975; Murakami et al.,
centrations, respectively) and the latter represents the upt985; Sparmacher et al., 1993; Croft et al., 2009; Kyrd et
per range of aerosol concentrations3{@x 10°cm=3 and  al., 2009). A comparison of the empiricAkno formula of
101.7 pg 3 for initial number and mass concentrations, re- Kyré et al. (2009) with the empirical s, formula of Laakso
spectively) (Wang et al., 2010). Equation (1) was then in-et al. (2003) for a low precipitation intensity-(0.2 mm h1)
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Fig. 10. The range ofAsnow generated from a combination of all
four panels in Fig. 8 and the range &f,j, from a review in Wang

also suggests that this is the case (Paramonov et al., 2011). To
shed some light on this issue, one simple approach would be
to compare directly the magnitude 8fnowandA rajn profiles
generated for the same precipitation amounts. One challenge
to this approach, though, is that batlanow and Arain have a
large range of values and very large uncertainties.

A typical snowfall intensity (e.g. 1 cnmH of snow, which
is approximately equivalent to 1 mnrh of liquid water) is
chosen below as an example to compare the relative mag-
nitudes of Agnow and Argin. The minimum and maximum
AsnowVvalues (two blue lines) shown in Fig. 10 were extracted
from all four panels of Fig. 8 in the present study (thus span-
ning the range ofAsnow Values produced by the four habit
types of snow crystals) while those farain (two red lines)
were obtained from Fig. 8a of a previous study (Wang et al.,
2010). Agnow profiles from the empirical formulas of Kyrd
et al. (2009) and Paramonov et al. (2011) (shown in Figs. 7
and 8), and a\ i profile from an empirical formula plotted
in Fig. 8a of Wang et al. (2010) are also depicted in Fig. 10

et al. (2010). Both pairs of curves represent the uncertainties in ex(three dashed lines).

isting theoretical formulations. Also shown are curves for two em-
pirical Asnowparameterizations and one empiridghi, parameter-
ization.

Atmos. Chem. Phys., 13, 10008:0025 2013

It can be seen in Fig. 10 that uncertainties in (or ranges
of) Agnow are up to two orders of magnitude for small
(<0.01um) and large aerosol particles (>10um) and up to
three orders of magnitude for median size aerosol particles.
In comparison, uncertainties in i, are smaller than one
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order of magnitude for small and large aerosol particles ando Asnow amongst all of the component parameters. How-
mostly smaller than two orders of magnitude for median sizeever, uncertainties caused individually by the other parame-
aerosol particles; the only exception for rain is for aerosolters were also up to one order of magnitude, which was unex-
particles of 1-3 um, for which the uncertainties are slightly pectedly large in contrast to values obtained in an uncertainty
higher than two orders of magnitude. It should be pointed outanalysis forA i presented in a previous study by Wang et
that part of the large range ofsnowVvalues will be due toreal  al. (2010).
variability (e.g. different snow-particle shapes and related For a typical snowfall intensity of 1 mntH (as liquid wa-
properties affecting\snow) While the other part will be due ter equivalent, or approximately 1 cmhof snow), the un-
to parameterization errors (e.g. improper formulation of re-certainty associated with theoretically estimateghow pro-
lated parameters). The median and the upper randefy files spans nearly three orders of magnitude, in contrast to
values are a factor of 5-10 higher than thosé\gf, values  the one to two order-of-magnitude range fagin. Moreover,
for most aerosol-particle sizes. As recommended above anthost A ajn Values lie in the lower end of the range Afnow
also in Wang et al. (2010), the upper-range values of the thevalues, which suggests that snow scavenging of atmospheric
oretical Asnowand A ain profiles, which are closer to, though aerosol particles is likely more effective than rain scavenging
still considerably smaller than, the field measurements, arén many cases for an equivalent precipitation intensity. How-
thought to be more realistic. This suggests the possibilityever, under certain circumstances (e.g. aerosol-particle size,
of faster removal of atmospheric aerosols by snow than bysnow-particle shape, snowfall and rainfall intensity), removal
rain for an equivalent precipitation amount. However, almostby snow might be slower than removal by rain. A complete
all of the A4 values lie within the range ohgnow vValues,  picture cannot be drawn at the present time due to our limited
which suggests that snow removal of aerosol particles maknowledge.
not always be faster than rain removal. The relative magni- Because of the large range of estimateghow and Aain
tudes ofA spowandArain Should also depend on snow-particle values, simple semi-empirical formulas for size-resolved
shape (see the minimursnow profiles in Fig. 8a and d) and as a polynomial function of precipitation intensity might be
on other conditions that may not be explicitly considered in appropriate for botm spow and Ayain. Such a new parame-
either Asnow Or Arain (€.9. Wang et al., 2011; Paramonov et terization should not be based solely on field measurements
al., 2011). because (1) they do not cover the whole size range of at-
Comparing theAspow and Arain profiles from the empiri-  mospheric aerosol particles, and (2) they implicitly include
cal formulas, it can be seen that the,in profile is smaller  contributions from some additional processes that might al-
than theA snow profile of Kyro et al. (2009) but is larger than ready be included in regional- to global-scale chemical trans-
the Asnow profile of Paramonov et al. (2011). It should be re- port models. The new parameterization could be developed
iterated, however, that bothsnow empirical formulas were  through curve fitting over a wide range of precipitation con-
based mostly on measurements associated with low snowditions using the full set of existing parameterizations and
fall intensities, but the\ajn values in the figure were gener- measurements reviewed in this and previous studies. The
ated using a precipitation intensity of 1 mm' A ain would new parameterization should be more appropriate for use in
be significantly smaller if a lower rainfall intensity had been regional- to global-scale CTMs than the existing theoreti-
used. Thus, it is likely that snow removal is more effective cal formulas due to the avoidance of assumptions regarding
than rain removal in many situations, although this conclu-the representativeness of component paramelry’g, A,
sion may not apply to all snow-particle shapes, to all aerosol-N (Dp)), although the uncertainties i might still be simi-
particle sizes, or under all other conditions. A firm conclu- lar. Results from the development of such a parameterization
sion thus cannot be drawn at this stage due to the limitedwill be published separately.
number of field and laboratory studies that are available as Lastly, all theoretical studies show that below-cloud scav-
well as the large uncertainties in the theoretical studies thaenging of aerosol particles by snow particles depends on
have been quantified in this study and by Wang et al. (2010)aerosol-particle size and snowfall intensity. Currently there
are very few publications about measurement studies that
investigated the influence of different aerosol-particle size
5 Conclusions distributions and snowfall intensities on below-cloud scav-
enging coefficients. Also, the size distribution and shapes of
A review of current knowledge abouhsnow the size-  snow particles can be specific to specific synoptic systems.
resolved scavenging coefficient for atmospheric aerosolddence, the undertaking and analysis of new observational ex-
scavenged below cloud by falling snow, was conducted inperiments carried out in different climate regimes would be
this study. The four component parameters needed for theef much value to modellers, both for quantifying the contri-
oretical formulations ofAsnow all contribute significant un-  butions of different scavenging processes and for evaluating
certainties to the estimateflsnow Values. As expected, the theoretical scavenging parameterizations.
formulation of the collection efficienci between snow par-
ticles and aerosol particles contributes the largest uncertainty
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Appendix A Table Al. Nomenclature.
N(Dyp) from Scott (1982) (Table 2) ay, by empirical constants ip power-law relationships
A snow-particle effective cross-sectional area
Scott (1982) assumed the snow-particle number size distri- projected normal to the fall direction
bution to follow the Marshall-Palmer (1948) distribution: ~ dp aerosol-particle diameter (m)
Dp melted diameter of a snow particle (m)
N(Dm) = Noe€xp(—BeDm) , (A1) Dm maximum dimension of a snow particle (m)

where D, is the actual snow-particle size. In all of the cal- Dc snow-particle characteristic length usedBnex-

culations performed in this study, however, the equivalent di- pression of Murak_am|_e_t al (19_8_5) (m) 1
ameter of the melted snow particleBp, was used. It was ~ 2dif aerosol-particle difusivity coefficient (fs )

' . . E(dp, D ticle— | ticl llecti ffi-
thus necessary to conved, to Dy for the Scott (1982) dis- (dp, Dp)  snow particle-aerosol particle collection eff

. ciency
trlbutlon.. , _ g acceleration of gravity (M%)
Mass is conserved when a snow particle melts: M precipitation water concentration (gT8)
Tr3_, T3 m particle mass (kg)
Puaterg Dp = Pice’g Din- (A2) n(dp, 1) aerosol number concentration with diametégs
Herepwater= 10° g m~3, and the ice density (i.e. frozen den- attimer _
. . . Noe intercept parameter for exponential size
sity) for a snow particle was calculated from an empirical AL 4
f la of Holrovd (1971): distribution (nT%)
ormula of Holroyd ( ): N (Dp) snow-particle number size distribution (ﬁﬁ)
170 _ N, total number concentration of snow particles
Pice = Do (@m 3. (A3) total (m=3) P
m
Combining Egs. (A2) and (A3), we then obtain Pe Pec'.et.nu.mb?r : 1
R precipitation intensity (mmh™)
Do — 10° D32 (A%) Re Reynolds nu_m'ber
m= J170 p RH relative humidity
Sc Schmidt number
16 3 D2 St Stokes number
dDm = 170 X > X D—pde (m). (A5) Sr* critical Stokes number
m ) ) ) V4 aerosol-particle terminal velocity (n$)
The numbf-_zr of snow particles .Wlth a diameter frdiy, to Vp snow-particle terminal velocity (<)
Dm + d Dpy in @ unit volume of airN (Dm)d Dm, can then be X Davies number
expressed as o, B empirical constants in mass—diameter power-law
108 relationships
N(Dm)dDm = NOGexp<—ﬂe—DS/2) Be slope parameter for exponential size distribution
V170 y,o empirical constants in area—diameter power-law
106 3 DS 3 relationships
X 170 X5 X D_de (m—). (A6) by snow-particle characteristic capture length used in
S m 0.94 3 E expression of Slinn (1984) (m)
Here Noe = Ej(?;; 10—1(m ), M =0.37R**" (gm™>), and A(dp) size-resolved scavenging coefficient {3
Be= 20721 (m™7). La dynamic air viscosity (kg mls-1)
oa air density (kg n3)
Appendix B Owater water density (kg m3)
The empirical Agnow formula from Kyro et al. (2009)
Appendix C

Kyrd et al. (2009) suggested a size-resolveghoy param-
eterization from an empirical fit to four years (2005—-2008)
of field measurements in a rural background environment i
Finland:

A (dp) = 1074211001051 +aslloguody ™ (B1)  Paramonov et al. (2011) proposed\aow parameterization
whered, is particle diameter (in mj; = 22.7, a, = 13210, from the empirical fit to field measurements from four win-
and az = 3810. The parameterization applies to snowfall ters (2006—2010) in an urban environment in Helsinki, Fin-
types of light continuous snowfall and snow grains with in- land:

tensities of the order of 0.1 mnTh (as liquid water equiva- ) .

lent) and to aerosol particles of 0.01-1.0 um in diameter. A (dp) =10 @2ll0G0dpl+asllogiodel™ 1 o (RH) — 1,  (C1)

The empirical Agnow formula from
"Paramonov et al. (2011)
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