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Abstract

Theoretical parameterizations for the size-resolved scavenging coefficient for atmo-
spheric aerosol particles scavenged by snow (Λsnow) need assumptions regarding (i)
snow particle–aerosol particle collection efficiency E , (ii) snow particle size distribution
N(Dp), (iii) snow particle terminal velocity VD, and (iv) snow particle cross-sectional5

area A. Existing formulas for these parameters are reviewed in the present study and
uncertainties in Λsnow caused by various combinations of these parameters are as-
sessed. Different formulations of E can cause uncertainties in Λsnow of more than one
order of magnitude for all aerosol sizes for typical snowfall intensities. E is the largest
source of uncertainty among all the input parameters, similar to rain scavenging of at-10

mospheric aerosols (Λrain) as was found in a previous study by Wang et al. (2010).
However, other parameters can also cause significant uncertainties in Λsnow, and the
uncertainties from these parameters are much larger than for Λrain. Specifically, differ-
ent N(Dp) formulations can cause one-order-of-magnitude uncertainties in Λsnow for all
aerosol sizes, as is also the case for a combination of uncertainties from both VD and A.15

In comparison, uncertainties in Λrain from N(Dp) are smaller than a factor of 5 and those
from VD are smaller than a factor of 2. Λsnow estimated from one empirical formula gen-
erated from field measurements falls in the upper range of, or is slightly higher than,
theoretically estimated values. The predicted aerosol concentrations obtained using
different Λsnow formulas can differ by a factor of two for just a one-centimeter snowfall20

(liquid water equivalent of approximately 1 mm). It is likely that, for typical rain and snow
event the removal of atmospheric aerosol particles by snow is more effective than re-
moval by rain for equivalent precipitation amounts, although a firm conclusion requires
much more evidence.
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1 Introduction

Many physical and chemical processes in chemical transport models (CTMs) need to
be parameterized due to limitations in computer resources and our incomplete knowl-
edge of these processes. For the scavenging and the removal of atmospheric aerosol
particles by falling hydrometeors, the scavenging coefficient Λ (s−1), which denotes5

the fraction of aerosol particles removed per unit time, is typically used when solving
aerosol particle mass continuity equations in CTMs (e.g., Baklanov, 1999; Loosmore
and Cederwall, 2004; Gong et al., 2006; Henzing et al., 2006; Sofiev et al., 2006; Tost
et al., 2006; Feng, 2007; Croft et al., 2009). Many laboratory, field, and theoretical stud-
ies have been conducted to quantify Λ under rain and snow conditions (Martin et al.,10

1980; Slinn, 1984; Murakami et al., 1985; Miller and Wang, 1989; Dick, 1990; Maryon
et al., 1992; Sparmacher et al., 1993; Bell and Saunders, 1995; Jylhä, 2000; Rotstayn
and Lohmann, 2002; Laakso et al., 2003; Zhang et al., 2004; Chate, 2005; Andronache
et al., 2006; Croft et al., 2009; Feng, 2009; Kyrö et al., 2009; Paramonov et al., 2011;
Wang et al., 2011). However, large uncertainties still exist in current Λ parameteriza-15

tions due to the many factors involved in the scavenging processes.
An assessment of uncertainties on size-resolved Λ for aerosols scavenged by rain

(Λrain) was recently conducted by Wang et al. (2010). The present study follows a sim-
ilar approach to assess uncertainties of size-resolved Λ for aerosols scavenged by
snow (Λsnow). Such a study is needed given that current knowledge of snow scaveng-20

ing is considerably more limited than that for rain scavenging. One reason is that scav-
enging by snow is more complicated due to the wide variety of snow particle shapes,
sizes, and densities, which results in different fall speeds, cross-sectional areas, and
flow patterns around snow particles (Pruppacher and Klett, 1997; Jylhä, 1999). On the
other hand, snow scavenging is an important removal mechanism in mid-latitude and25

polar regions in the winter and in mountainous areas and in the upper troposphere at
all times of year. One study estimated that roughly 30 % of below-cloud scavenging of
sulphate particles by precipitation is due to snow (Croft et al., 2009).
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Current treatments of snow scavenging of atmospheric aerosol particles in CTMs
vary substantially, ranging from using a bulk Λ parameterized as a function of snowfall
intensity (as liquid water equivalent) without considering the sizes of either aerosol or
snow particles (Baklanov, 1999; Sofiev et al., 2006) to using the same size-resolved
Λ formula as that for rain scavenging to using a size-resolved Λ formula specifically5

developed for snow conditions (e.g., Gong et al., 2006; Croft et al., 2009; Feng, 2009).
Past reviews have documented these various approaches (Rasch et al., 2000; Textor
et al., 2006; Sportisse, 2007; Zhang, 2008; Gong et al., 2011). The present study,
however, attempts to quantify the uncertainties related to various parameters chosen
for the existing size-resolved Λsnow formulas developed specifically for snow conditions.10

In the following sections, a brief overview of current size-resolved Λsnow parameteri-
zations, including their component parameters, is first given (Sect. 2); next, a summary
of the results of sensitivity tests that were conducted to investigate uncertainties in
Λsnow induced by these various parameters is provided (Sect. 3). The uncertainties of
existing theoretical size-resolved Λsnow parameterizations is then assessed further by15

using various combinations of the component parameter formulas (Sect. 4.1) and by
comparing with an available empirical Λsnow parameterization derived directly from fits
to field measurements (Sect. 4.2). The impact of different Λsnow formulas on predicted
aerosol concentrations is then briefly discussed (Sect. 4.3) and a comparison of uncer-
tainties between Λsnow and Λrain is presented (Sect. 4.4). Lastly, some conclusions are20

given in Sect. 5.

2 Theory of size-resolved snow scavenging coefficient Λsnow

The terminology of ice or snow particles reflects the greater physical variability of
frozen or solid hydrometeors vs. liquid hydrometeors (rain drops). As discussed by
Pruppacher and Klett (1997), small ice particles that have grown only by water vapour25

diffusion are called ice crystals or snow crystals. These crystals have different shapes
or habits, including plates, columns, stars, needles, dendrites, spheres, and bullets. Ag-
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gregates of snow crystals are called snowflakes. Individual snow crystals usually have
a maximum dimension Dm of less than 5 mm whereas snowflakes may have a max-
imum dimension of several cm. Snow crystals can also grow by collisions with cloud
drops, which is called riming. Depending upon the degree of riming, these snow par-
ticles may be referred to as rimed snow crystals or graupel particles or ice pellets. All5

of these rimed snow particles usually have Dm values of less than 5 mm; heavily-rimed
larger particles are called hailstones.

In CTMs that simulate aerosol particle number concentrations, the below-cloud scav-
enging of aerosol particles by snow is commonly described as (Seinfeld and Pandis,
2006)10

∂n(dp,t)

∂t
= −Λsnow(dp) ·n(dp,t) (1)

where n(dp,t) is the number concentration of aerosol particles with diameters dp at time
t, and Λsnow(dp) is the scavenging coefficient for aerosol particles of size dp and can be
calculated based on the concept of collection efficiency between falling hydrometeors
and aerosol particles (e.g., Slinn, 1984). The size-resolved scavenging coefficient is15

parameterized as

Λsnow(dp) =

∞∫
0

A(VD − vd)E (dp,Dp)N(Dp)dDp (2)

where N(Dp)dDp is the number of snow particles with a melted diameter between Dp

to Dp+dDp in a unit volume of air (m−3), VD and vd are the terminal velocities (ms−1) of
snow particles and aerosol particles, respectively, E (dp,Dp) is the collection efficiency20

(dimensionless) between an aerosol particle of size dp and a snow particle of size Dp,
and A is the effective cross-sectional area of a snow particle projected normal to the fall
direction (m2). According to Eq. (2), four parameters determine the value of Λsnow(dp):
(i) the snow particle–aerosol particle collection efficiency; (ii) the snow-particle number
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size distribution; (iii) the snow-particle terminal velocity (assuming VD � vd); and (iv)
the snow-particle effective cross-sectional area. Available formulas for these four pa-
rameters are reviewed and discussed below. All symbols used in this study are defined
in Table A1.

2.1 Snow particle–aerosol particle collection efficiency E(dp,Dp)5

E (dp,Dp), the collection efficiency for aerosol particles of diameter dp of a snow particle
of melted diameter Dp, gives the rate of collection of aerosol particles of diameter dp
by the falling snow particle normalized by the number of upstream particles of diam-
eter dp swept across an area equal to the effective cross-sectional area of the snow
particle (e.g., Slinn, 1984). The collection efficiency is the most important parameter10

in the calculation of Λsnow in Eq. (2). There are considerably fewer studies on E for
snow particles and aerosol particles than there are for rain drops and aerosol particles.
However, there are a few studies that describe E based on rigorous theoretical models
involving (i) a particle trajectory model under the influence of the flow field of falling
ice crystals and (ii) a convective diffusion model for small aerosol particles. For exam-15

ple, Martin et al. (1980) studied E for planar ice crystals (approximated as hexagonal
plates) at low-to-intermediate Reynolds numbers and Miller and Wang (1989) studied
E for columnar ice crystals using a theoretical model. Several field measurements and
laboratory experiments under controlled conditions have also been conducted to study
and verify theoretical results (e.g., Knutson et al., 1976; Sauter and Wang, 1989; Mu-20

rakami et al., 1985). These studies suggest that a complete theoretical model for E
would be too complex to be implemented in CTMs. Three different size-resolved semi-
empirical formulas for E have thus been developed for CTM applications (Slinn, 1984;
Murakami et al., 1985; Dick, 1990) as listed in Table 1. Some of these formulas for E
have been used to parameterize Λsnow in current CTMs (e.g., Gong et al., 2006; Croft25

et al., 2009; Feng, 2009).
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2.2 Snow particle number size distribution N(Dp)

Λsnow also depends on the number size spectrum of snow particles. Various micro-
physical and dynamical processes inside and below cloud layers modify snow-particle
size spectra. Other factors affecting snow-particle size spectra include ambient tem-
perature, particle habit, precipitation intensity, and the stage of cloud and precipitation5

development (e.g., Harimaya et al., 2004; Woods et al., 2008). In practical applica-
tions, empirical mathematical formulas derived from the observed size spectra have
been used to approximate natural snow-particle size distributions (e.g., Marshall and
Palmer, 1948; Gunn and Marshall, 1958; Sekhon and Srivastava, 1970; Scott, 1982;
Smith, 1984; Mitchell, 1991; Heymsfield, 2003; Field et al., 2005; Woods et al., 2008).10

For example, the exponential Marshall–Palmer size distribution (Marshall and Palmer,
1948), originally proposed for raindrop size distribution, was also found to describe
snow particle size distribution reasonably well (Passarelli, 1978). Gunn and Marshall
(1958) reported another exponential size distribution function for aggregate snowflakes,
the first one to be derived directly from ground observations of snow, following an as-15

sessment method similar to that used for raindrop size distributions by Marshall and
Palmer (1948). By reanalyzing the dataset of Gunn and Marshall (1958) as well as an-
alyzing additional snowflake size distribution measurements, Sekhon and Srivastava
(1970) suggested an updated exponential formula. Scott (1982) modified the param-
eters in the Marshall–Palmer distribution based on results from Passarelli (1978) and20

Houze et al. (1979) so the modified exponential function can be applied to large spa-
tial scales. To date, exponential distributions have been widely used in various cloud
microphysics to represent snow size spectra (e.g., Cotton et al., 1982; Lin et al., 1983;
Rutledge and Hobbs, 1983; Reisner et al., 1998; Thompson et al., 2004; Croft et al.,
2009; Feng, 2009; Solomon et al., 2009).25

The basic form of the exponential function for snow particle number size distribution
is written as

N(Dp) = N0e exp
(
−βeDp

)
(3)
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where N0e is the intercept parameter and βe is a slope parameter. Different re-
searchers, however, have treated N0e and βe in different ways, some have adopted
a fixed N0e whereas others have varied N0e according to precipitation intensity (Ta-
ble 2). Note that the parameters in Scott (1982) are based on actual snow particle
size Dm whereas the other three distributions listed in Table 2 are for equivalent drop5

sizes Dp. A conversion of snow particle size to equivalent melted drop size is needed
for the Scott (1982) formula (see Appendix A) to allow a direct comparison of these
distributions (see Sect. 3.2).

2.3 Snow particle terminal velocity VD

Terminal velocities for various ice particle types have been studied both experimen-10

tally and theoretically, and corresponding empirical parameterizations have been de-
veloped (e.g., Langleben, 1954; Pruppacher and Klett, 1997; Mitchell, 1996; Mitchell
and Heymsfield, 2005). Early formulas for snow particle terminal velocity were derived
directly from fall speed measurements (i.e., experimentally based) and treated the ter-
minal velocity VD as a power-law function of the ice particle maximum dimension Dm:15

that is, VD = avD
bv
m , where av and bv are empirical constants but varying with ice crystal

habit (e.g., Langleben, 1954; Starr and Cox, 1985). However, the application of most
experimentally-based empirical formulas is limited to the particle shape for which the
measurements were conducted (see Table 3). More recently developed parameteri-
zations are theoretically-based formulas. A power-law relationship is first determined20

between the Reynolds number (Re; dimensionless) and the Best or Davies number

(X = 2mgρaD
2
m

Aµ2
a

; dimensionless) (Bohm, 1989, 1992; Mitchell, 1996); the terminal veloc-

ity is then derived from Re that is determined in terms of X . The detailed description of
generating X and the empirical relationship of Re–X were given in Mitchell (1996) and
Mitchell and Heymsfield (2005). Since X is a function of the ice particle mass (m) and25

the cross-sectional area (A), both of which are parameterized as a power-law function
of the maximum dimension of the ice particle (Dm), the selection of different power-law
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functions for m and A may lead to large differences in the X value, and thus to large er-
rors in VD (Mitchell, 1996). The advantage of the theoretically-based parameterizations,
however, is that they can be applied to any particle shape (Table 3).

2.4 Snow particle cross-sectional area A

Knowledge of the cross-sectional area of a snow particle is essential for accurate calcu-5

lation of Λsnow and for the estimation of snow particle terminal velocity. Snow particles
can have dozens of irregular shapes and it is not realistic to represent the A of all
particle shapes accurately using one single theoretical formula. A common approach
associating A of a snow particle and its mass (m) is through the definition of a pa-
rameter: the particle’s maximum dimension, Dm. Both m and A are parameterized as10

power-law functions of Dm: m = αDβ
m and A = γDσ

m, where α, β, γ, and σ are empiri-
cal constants developed from measurements of natural snow particles (e.g., Locatelli
and Hobbs, 1974; Mitchell et al., 1990; Mitchell and Arnott, 1994; Mitchell, 1996; Prup-
pacher and Klett, 1997; Woods et al., 2008). The detailed empirical expressions and
related parameters for various snow types were reviewed by Mitchell (1996).15

In the present study, four habit types of snow crystals – spherical ice crystal, den-
drite snow plate, columnar ice crystal, and graupel particle – were chosen for analysis
and discussion (Table 4). These are the four habits of snow crystals that occur most
frequently as revealed by ground observations (Hobbs et al., 1972); they are believed
to be the main habits of ice crystals based on the classification of habit composition20

as determined from the airborne 2D-C probe imagery and ground-based stereomi-
croscope observations (Woods et al., 2008). As well, current cloud-scale CTMs and
numerical weather prediction models only explicitly distinguish and predict a few types
of ice crystals, including dendrite snowflake, columnar crystal, and graupel (hail) (e.g.,
Field and Heymsfield, 2003; Thompson et al., 2008; Morrison et al., 2009).25

Note that the particle size Dm used in the diameter-based mass and area power
law formulas shown in Table 4 is the maximum dimension for a frozen particle. These
relationships can also be represented in terms of Dp, the equivalent drop diameter of
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a snow particle when it melts. The melted mass of a snow particle can be expressed
in terms of the diameter of its equivalent water drop as

m = ρwater
π
6
D3

p (4)

where ρwater is the water density. The cross-sectional area of a falling snow particle
can then be written as5

A = γ

(
ρwaterπD

3
p

6α

) σ
β

(5)

3 Sensitivity of theoretical size-resolved Λsnow to input-parameter selections

From Sect. 2 we know that four component parameters determine Λsnow values and
that different formulas have been proposed in the literature for these parameters (see
Tables 1–4). The sensitivity of Λsnow to the choice of one of these different formu-10

las for each of these component parameters are discussed below. Note that for all of
the sensitivity tests, the temperature and pressure were assumed to be −10 ◦C and
1013.5 hPa, respectively.

3.1 Sensitivity of Λsnow to E

Figure 1 compares collection efficiencies E (dp,Dp) based on the three formulas listed15

in Table 1 across the aerosol particle diameter range from 0.001 µm to 10 µm for col-
lection by monodisperse snow particles with four different shapes and three different
maximum sizes Dm. Each colour in Fig. 1 represents one formula listed in Table 1, and
the different symbols on the lines distinguish the four different snow particle shapes
(Table 4). A strong dependence of E on aerosol particle size is found for all cases. The20

ultrafine particles (dp < 0.01µm) and large particles (dp > 3µm) have the largest E val-
ues while particles with dp around 0.1 µm have the smallest E values. This variation is
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certainly caused by the size-dependence of the collection mechanisms, namely Brown-
ian diffusion, interception, and inertial impaction, considered in the formulas in Table 1.
The contribution of Brownian diffusion to E dominates for the ultrafine particles but
decreases rapidly as particle size increases; the contribution of inertial impaction be-
comes significant when the diameter of an aerosol particle is larger than a few microns;5

and the contribution of the interception mechanism increases with increasing particle
size and appears to be important for particles in the diameter range from 1.0 µm to
a few microns. The combined contributions of the three mechanisms lead to low E
values for particles in the size range 0.01µm < dp < 1.0µm. Note that other potential
collection mechanisms such as diffusiophoresis, thermophoresis, and electric charges10

are not included in these formulas. For rain scavenging of atmospheric aerosols, these
several mechanisms are less important than the three major mechanisms discussed
above and are only significant for particles in the size range of 0.01 µm–1.0 µm (Wang
et al., 2010; Santachiara et al., 2012). This is also expected to be the case for snow
scavenging of aerosols.15

It is evident from Fig. 1 that the E (dp) profiles for fixed Dm from the Murakami
et al. (1985) and Dick (1990) formulas are not very sensitive to the snow particle
shapes. The four E (dp) profiles for four snow particle shapes based on the same for-
mula are similar, e.g., all have a minimum E value at the same particle diameter. E (dp)
values for these two formulas also differ only by a factor of 2 to 3 between different snow20

particle shapes across the entire aerosol particle size range. Note that all of the formu-
las in Table 1 depend on snow particle terminal velocity VD either directly or through the
Reynolds and Stokes numbers. In the sensitivity tests presented in Fig. 1, VD values
were calculated for all snow-particle habits based on the theoretical formula developed
by Mitchell and Heymsfield (2005) (see Table 3; the details of the VD calculation will be25

discussed later in Sect. 3.3). Since different snow particle shapes have different A and
m values (Table 4), this leads to different Reynolds number Re and different Best or
Davies number values, and thus to different VD values, which caused the small differ-
ences in E (dp). In contrast, the E (dp) profiles for fixed Dm from the Slinn (1984) formula
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showed a different pattern. The E (dp) profiles for the dendrite and column snow par-
ticle shapes are basically the same and the E (dp) profiles for the sphere and graupel
particle shapes are also similar. However, the E (dp) profiles between these two groups
differ significantly, especially for the aerosol particle sizes where the minimum E value
occurs. This is due to values specified for two of the parameters used in Slinn’s formula5

(see Table 1); λ and α were given as 10.0 µm and 1.0, respectively, for dendrite and
column shapes but 100.0 µm and 2/3, respectively, for sphere and graupel shapes.

Differences in E between the Murakami et al. (1985) and Dick (1990) formulas are
significant for all aerosol particle sizes and for all snow particle sizes and shapes con-
sidered here. The largest differences occur for particle diameters around 0.1 µm, for10

which the difference can be larger than one order of magnitude. E decreases signif-
icantly with increasing collector (i.e., snow particle) size in these two formulas. The
difference in E between these two formulas also decreases with increasing collector
size. The dependence of E on collector size is because larger collectors have larger
VD values, and thus larger Re values, which results in smaller E values (see formu-15

las in Table 1). Comparing E values for the Slinn (1984) formula with those from the
Murakami et al. (1985) and Dick (1990) formulas, the differences are even larger, es-
pecially for smaller collectors (e.g., Fig. 1a). Differences up to nearly three orders of
magnitude can be seen for aerosol particle sizes from 0.1 µm to 2 µm. It should be
pointed out that the E values for the Slinn (1984) formula do not change much with col-20

lector size because λ and α values are fixed for all collector sizes, a different behaviour
from the other two formulas discussed above.

The sensitivity of Λsnow, calculated using Eq. (2), to the choice of the three different
formulas for E (Table 1) is illustrated in Fig. 2 for two snowfall intensity conditions (as
liquid water equivalent): 0.1 mmh−1 (solid line) and 10 mmh−1 (symbol line). The snow25

particle terminal velocity used for Fig. 2 was that of Mitchell and Heymsfield (2005)
(see Table 3) and the snow particle size spectrum followed Sekhon and Srivastava
(1970) (see Table 2). Figure 2 indicates that the differences in Λsnow due to the different
E (dp,Dp) formulas vary with aerosol particle size, snow particle shape, and snowfall
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intensity. For the largest aerosol particles (i.e., dp > 10.0µm), the differences in Λsnow
are small (e.g., a factor of 2) for both snowfall intensities and all snow particle shapes
due to the very similar E values in this aerosol particle size range (close to unity; not
shown in Fig. 1). For aerosol particles smaller than 10 µm, a difference of one order
of magnitude or larger is seen under all snowfall intensity and snow particle shape5

conditions. It can also be seen that the differences in Λsnow are smaller for aerosol
particles smaller than 0.01 µm than for particles between 0.01 µm–10.0 µm, consistent
with the differences in E profiles shown in Fig. 1.

Figure 2 also suggests that Λsnow values derived from the Murakami et al. (1985)
and Dick (1990) formulas agree well (e.g., within a factor of 2) for aerosol particles10

larger than 1.0 µm and differ by a factor of 3 to 4 for aerosol particles smaller than
0.1 µm for all snow shapes and snowfall intensities. In contrast, Λsnow values from the
Slinn (1984) formula shows a large deviation from those of the other two formulas, in
particular for the aerosol particle size range of 0.1µm < dp < 10.0µm, except for the
case for dendrites and a light snowfall intensity. Again, this can be explained by the E15

pattern shown in Fig. 1. These results suggest that the formulation used to describe
the collection efficiency is a very important source of uncertainty in estimating Λsnow.

3.2 Sensitivity of Λsnow to N(Dp)

Snow particle size distributions (N(Dp)) generated from the four widely used exponen-
tial formulas listed in Table 2 are shown in Fig. 3 for two snowfall intensities (as liquid20

water equivalent): 0.1 and 1.0 mmh−1. The Gunn–Marshall (GM) and the Sekhon–
Srivastava (SS) N(Dp) profiles are quite close due to their similar values for the in-
tercept parameter N0e and slope parameters βe (see Table 2). The Marshall–Palmer
(MP) distribution differs significantly from those of GM and SS, and the Scott (SC) dis-
tribution is even more different. All four exponential distributions yield large numbers of25

small snow particles (< 0.1mm). This is due to the limitation in the definition of the ex-
ponential formula, which generally predicts maximum number concentration for particle
sizes approaching zero (see Eq. 3).

14835

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/14823/2013/acpd-13-14823-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/14823/2013/acpd-13-14823-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 14823–14869, 2013

Assessment of
scavenging
coefficient

formulations

L. Zhang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

The percentages of snow particle number concentrations in different size ranges are
shown in Table 5 for three of the four snow-particle size distributions and four snowfall
intensities. Note that N0e is fixed for the MP and SC distributions but decreases with
increasing snowfall intensity for the SS distribution (see Table 2). Thus, the total snow
particle number concentrations from the MP and SC distributions increase and those5

from the SS decrease with increasing snowfall intensity (Table 5). The total number
concentrations from different size distributions can differ from less than one order of
magnitude to more than two orders of magnitude, depending on snowfall intensity. For
all of the size distributions, however, the percentages of the smallest snow particles
(< 0.1mm) decrease and those of the largest snow particles (> 1mm) increase with10

increasing snowfall intensity. This can also be seen from Fig. 3, in which all of the
snow-particle size distribution profiles shift to larger snow particle sizes with increasing
snowfall intensity.

Figure 4 shows the sensitivity of Λsnow to the four different snow particle number size
distributions N(Dp) considered in Fig. 3 for four snow particle shapes and two snowfall15

intensities (as liquid water equivalent): 0.1 mmh−1 and 10 mmh−1. VD and E (dp,Dp)
were assumed to follow the theoretical formulas of Mitchell and Heymsfield (2005) and
Murakami et al. (1985), respectively. Differences in Λsnow values derived from these
different N(Dp) formulas are up to one order of magnitude for all aerosol particle sizes

under light snowfall intensity (0.1 mmh−1). The differences in Λsnow also increase with20

increasing snowfall intensity and can be larger than one order of magnitude for very
strong snowfall intensity (e.g., 10 mmh−1). The dependence of Λsnow on snowfall inten-
sity is also greater for some N(Dp) formulas than others. Based on the Λsnow profiles
shown in Fig. 4, we can conclude that in general different assumptions for N(Dp) con-
tribute an uncertainty to the Λsnow profile of about one order of magnitude for all aerosol25

particle sizes under all snow particle shape and snowfall intensity conditions.
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3.3 Sensitivity of Λsnow to VD and A

Figure 5a shows the terminal velocities VD of snow particles with four different shapes
calculated from empirical and theoretical formulas selected from Table 3. Each colour
represents one particle shape and each symbol represents one formula. Note that the
theoretical formula of Mitchell and Heymsfield (2005) was considered to apply to any5

kind of snow particle shape. Results from the theoretical formula of Mitchell (1996) are
not shown in the figure because the calculated values are quite close to those from
Mitchell and Heymsfield (2005). For snow particles larger than 0.2 mm, VD values for
the same particle shape but based on different formulas are generally within a factor of
5; however, the differences can be larger than a factor of 10 if considering both different10

particle shapes and different formulas. For snow particles smaller than 0.2 mm, the
differences in VD can be up to two orders of magnitude and generally increase rapidly
with decreasing snow particle size. As well, VD values from all of the empirical formulas
are larger than those from the theoretical formula of Mitchell and Heymsfield (2005) for
all particle shapes. The best agreement between the empirical and theoretical formulas15

is for the dendrite shape and snow particles larger than 0.2 mm.
Figure 5b shows the cross-sectional area A of a snow particle versus its maximum

dimension for four different snow particle shapes based on the power-law formulas
listed in Table 4. The differences in A between different snow particle shapes increases
from a factor of 3 to a factor of more than 10 as snow particle size increases from 0.120

to 10 mm.
The results of sensitivity tests conducted to investigate the influence of VD and A

on Λsnow for four different snow particle shapes and three different snowfall intensities
(0.1, 1.0 and 10 mmh−1 as liquid water equivalent) are shown in Fig. 6. Λsnow profiles
were calculated for the nine VD profiles shown in Fig. 5a and the four A profiles shown25

in Fig. 5b for each snowfall intensity. All of the sensitivity tests shown in this figure used
the snow particle size spectrum formula of Sekhon and Srivastava (1970) (Table 2)
and the collection efficiency formula of Murakami et al. (1985) (Table 1). As in Fig. 5a,
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each colour in Fig. 6 represents one snow particle shape and each symbol represents
one VD formula. It is also evident from Fig. 5b that each snow particle shape only has
one formula available for A. Thus, the influence of VD on Λsnow can be identified by
comparing Λsnow profiles for the same snow particle shape (i.e., same coloured lines),
while the influence of A on Λsnow can be identified by comparing Λsnow profiles based on5

the same VD formula (e.g., the four lines using the formula of Mitchell and Heymsfield,
2005). The overall uncertainty in the Λsnow profile shown in Fig. 6 is thus due to the
combination of influences from both VD and A.

Figure 6 shows that Λsnow may vary by a factor of 2 to 3 for the same snow particle
shape for all aerosol particle sizes if different VD formulas are used, and it may also vary10

by a factor of 2 to 3 for different snow particle shapes even for the same VD formula.
The combined uncertainties from both VD and A can thus be as high as a factor of 10.
Λsnow values also increase with increasing snowfall intensity, as do the uncertainties
in Λsnow values. While the uncertainty in Λsnow caused by uncertainties in either VD
or A are smaller than those associated with the representation of E (dp,Dp) or N(Dp),15

the combined uncertainty due to VD and A can be comparable to the other two factors
in some cases, e.g., for large aerosol particles and for strong snowfall intensity (e.g.,
compare Fig. 6c with Fig. 2). It is also worth noting that the uncertainties in Λ caused
by VD are larger for the snow conditions discussed here than for the rain conditions
discussed in Wang et al. (2010), and the largest uncertainties under snow conditions20

are for large aerosol particles vs. submicron aerosol particles under rain conditions.
Thus, significant differences exist in the uncertainties associated with Λ between rain
and snow conditions.
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4 Assessment of size-resolved Λsnow parameterizations

4.1 Uncertainties in theoretical estimates of size-resolved Λsnow profiles

As discussed in the previous sections, theoretically-based parameterizations of Λsnow
require knowledge of E (dp,Dp), N(Dp), VD, and A. However, due to the natural vari-
ability of snow particle shapes and densities, the limited experimental evidence, and5

the complexity of microphysical collection processes, there has not been any agree-
ment or consensus in the modelling community as to which formulas should be used
for the above-mentioned component parameters in the calculation of Λsnow. For exam-
ple, Feng (2009) proposed a size-resolved model for below-cloud snow scavenging, in
which E (dp,Dp) was based on a combination of schemes by Martin et al. (1980), Miller10

and Wang (1989), and Murakami et al. (1985), N(Dp) followed Sekhon and Srivastava
(1970), and VD and A followed Mitchell (1996). Croft et al. (2009) also proposed a size-
resolved parameterization for below-cloud snow scavenging, in which E followed Dick
(1990) or Slinn (1984), but all snow particles were assumed to be 30 µg in mass and
0.5 mm in radius and to fall at 80 cms−1. Gong et al. (2006) parameterized aerosol15

scavenging by snow based on the Slinn (1984) formula for E and assuming a stellar
shape for snow crystals when −25 ◦C < T < 0 ◦C and a graupel shape when T < −25 ◦C.

In this section, the uncertainties in existing theoretical size-resolved Λsnow param-
eterizations were investigated using various combinations of the available formulas
for the above-mentioned component parameters. Three semi-empirical formulas for20

E (dp,Dp) (Slinn, 1984; Murakami et al., 1985; and Dick, 1990; see Table 1 and Sect.
2.1) and three formulas for N(Dp) (SS – Sekhon and Srivastava (1970); SC – Scott
(1982); and MP – Marshall and Palmer (1948); see Table 2 and Sect. 2.2) were com-
bined together to generate nine sensitivity tests for each of four snow particle shapes
(Fig. 7). The VD formula of Mitchell and Heymsfield (2005) was used in every sensitivity25

test because this is the only formula applicable to all snow particle shapes. This for-
mula is a physically-based parameterization and it seems to predict more reasonable
VD values for small snow particles (i.e., Dm < 0.5mm) than empirically-based formulas
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(see Sect. 3.3). Besides, the uncertainty in Λsnow values due to the specification of
VD is much smaller than those introduced by the specification of E (dp,Dp) and N(Dp)
(Sect. 3.3). Note that uncertainties from various A formulas are implicitly included in
different snow particle shapes, as can be seen by comparing the four panels in both
Fig. 7 and Fig. 8.5

Under light snowfall intensities (e.g., 0.1 mmh−1 in Fig. 7), the uncertainties in the
calculated Λsnow are generally in the range of one to two orders of magnitude for very
small (e.g., < 0.01µm) and very large (e.g., > 10µm) aerosol particles. The uncertain-
ties are much larger for the median size aerosols, i.e., two orders of magnitude or more.
The largest uncertainty occurs at an aerosol particle size of around 0.1 µm for dendrite10

and column habits and at an aerosol particle size of around 1 µm for sphere and grau-
pel habits. This difference is largely associated with snow particle shape caused by the
differences in E (dp,Dp) profiles for different snow particle shapes as shown in Fig. 2.
The ranges of Λsnow values for any aerosol particle size are also different for different
snow particle shapes as can be seen by comparing the four Fig. 7 panels, which is due15

in part to the impact of different A formulas on the calculated Λsnow values.
It was shown in Sect. 3 that, for a snowfall intensity (as liquid water equivalent) of

0.1 mmh−1, different E (dp,Dp) formulas can cause uncertainties in Λsnow of one to two
orders of magnitude and different N(Dp) formulas can cause uncertainties in Λsnow
of one order of magnitude, depending on aerosol particle size. As shown in Fig. 7, the20

combined uncertainties from both E (dp,Dp) and N(Dp) are larger than those caused by
the individual parameters. Thus, the uncertainties in Λsnow values from each individual
parameter can either cancel each other (i.e., profiles close together) or enhance each
other (i.e., profiles further apart).

Figure 8 shows a similar comparison to Fig. 7 for a snowfall intensity of 1 mmh−1.25

When snowfall intensity increases, Λsnow values also increase for all aerosol particle
sizes (compare Fig. 8 with Fig. 7; note the different scales for the y-axes), as do uncer-
tainties in the Λsnow values. The increases in uncertainty are larger for small aerosol
particles (0.001–0.1 µm) than for large particles. Apparently, some formulas are more
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sensitive to snowfall intensity than others are for smaller aerosol particles. The uncer-
tainties in Λsnow can be as high as two orders of magnitude even for very small aerosol
particles (e.g., 0.001 µm). From Sect. 3.2 it is known that the differences in the total
number of snow particles between different N(Dp) formulas increase with increasing
snowfall intensity. This behaviour at least partly explains the increased uncertainties in5

Λsnow with decreasing aerosol particle size.

4.2 Comparison between theoretically- and empirically-estimated Λsnow profiles

Λsnow values calculated using the empirical formula of Paramonov et al. (2011) (Ap-
pendix B) are also shown in Figs. 7 and 8 (pink curves). The formula was developed
based on the empirical fit to four years of field measurements in an urban environment10

in Finland and applies to a variety of different snow particle shapes (e.g., snowflakes,
snow grains, ice crystals, ice pellets, and mixed snow and rain). Although the urban
field data covered a range of snowfall intensities (as liquid water equivalent) from 0.1 to
1.2 mmh−1, the Λsnow values in the formula of Paramonov et al. (2011) do not depend
on snowfall intensity or snow particle shape. Therefore, the same pink curve is plotted15

in each panel of Figs. 7 and 8. Note that this empirical formula is only valid for aerosol
particle sizes of 0.01–1.0 µm. It should also be noted that there was another formula
in the literature which was developed by Kyrö et al. (2009) based on four years of field
data collected in a rural background environment; but the formula was only applicable
to light snow intensities and thus was not compared here.20

Λsnow values from this empirical formula are several times larger than the upper
range of the theoretically-estimated values for a light snowfall intensity (Fig. 7) but are
within the upper range of the theoretically-estimated values for a strong snowfall in-
tensity (Fig. 8) for aerosol particles of diameter 0.01–1.0 µm. As mentioned above, the
empirical formula was based on measurements spanning snowfall intensities from 0.125

to 1.2 mmh−1. If the snowfall intensities during the experiment were equally likely, then
since Λsnow should vary directly with snowfall intensity (e.g., a factor of 5 larger for
1.0 mmh−1 than for 0.1 mmh−1 as shown from the theoretically-based Λsnow profiles
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in Figs. 7 and 8), the empirical Λsnow formula should overpredict Λsnow for a snow-
fall intensity of 0.1 mmh−1 but slightly underpredict Λsnow for a snowfall intensity of
1.0 mmh−1. Thus, the empirical profiles should shift down to smaller values in Fig. 7
and shift up to larger values in Fig. 8. This adjustment suggests that the empirically-
estimated Λsnow profiles are in the upper range of, or are just slightly larger than, the5

theoretically-estimated values for all aerosol particle sizes and snowfall intensities for
which the empirical formula applies.

4.3 Impact of Λsnow uncertainties on predicted aerosol concentrations

Following Wang et al. (2010), two aerosol particle size distributions, representing ma-
rine and urban aerosol populations, respectively, were taken as examples to investigate10

the impact of different Λ parameterizations on predicted aerosol particle concentrations
under two snowfall intensities (0.1 mmh−1 and 1.0 mmh−1, as liquid water equivalent).
The initial size distribution for each aerosol type was described as a sum of three log-
normal functions. Three Λsnow parameterizations shown in Figs. 7 and 8 (MP+MH+SL
representing lowest theoretical Λsnow, SC+MH+MU representing highest theoretical15

Λsnow, and the empirical Λsnow of Paramonov et al., 2011) were chosen to be applied
to Eq. (1). The time evolution of the particle number and mass concentrations was then
calculated by integrating Eq. (1) with very small time steps (10 s) and a large number
of size bins (100) to a time of reaching a total precipitation amount of 5 mm (Fig. 9).

As shown in Fig. 9, significant differences in the bulk number and mass concentra-20

tions were found from using different Λsnow formulas. In less than one hour of a typical
snowfall intensity (e.g., 1.0 mmh−1 as liquid water equivalent, which is approximately
1 cmh−1 of snow depth, second row in Fig. 9), a factor of 2 differences were found in
both number and mass concentrations for both marine and urban aerosol distributions.
It is also clear from Fig. 9 that the impacts of using different Λsnow parameterizations25

are quantitatively different for the bulk number and mass concentrations. This is be-
cause the bulk number concentration is associated with small particles whereas the
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bulk mass concentration is generally associated with large particles, as can be seen
from the initial particle size distributions shown in Fig. 10 in Wang et al. (2010).

4.4 Comparison between Λsnow and Λrain

Comparing the uncertainties for Λsnow that have been reviewed in this study with those
for Λrain that were reviewed in a previous study (Wang et al., 2010), both similarities and5

differences were found in terms of the uncertainties caused by various input parame-
ters. For both Λsnow and Λrain, the formulation of the collection efficiency E between
hydrometeors and aerosol particles is the largest source of uncertainty amongst all of
the input parameters. The uncertainties in Λsnow and Λrain caused by E can be more
than one order of magnitude for almost all aerosol particle sizes. Uncertainties in Λsnow10

caused by other parameters (snow particle number size spectrum, terminal velocity,
and shape) can also be as large as one order of magnitude, whereas the correspond-
ing uncertainties for Λrain are all smaller than a factor of 5.0. The combined uncertainty
from all sources is thus larger for Λsnow than for Λrain.

It has been speculated that snow particles might scavenge more aerosol particles15

than rain drops do for an equivalent precipitation amount given the larger surface areas
and various shapes of snow particles (Reiter and Carnuth, 1969; Magono et al., 1975;
Graedel and Franey, 1975; Murakami et al., 1985; Sparmacher et al., 1993; Croft et al.,
2009; Kyrö et al., 2009). However, this hypothesis has not yet been verified by either
field or theoretical studies. To shed some light on this issue, one simple approach would20

be to compare directly the magnitude of Λsnow and Λrain profiles generated for the same
precipitation amount. One challenge to this approach, though, is that both Λsnow and
Λrain have a large range of values and very large uncertainties.

A typical snowfall intensity (e.g., 1 cmh−1 of snow, which is approximately equivalent
to 1 mmh−1 of liquid water) is chosen below as an example to compare the relative25

magnitudes of Λsnow and Λrain. The minimum and maximum Λsnow values (two blue
lines) shown in Fig. 10 were extracted from all panels of Fig. 8 in the present study while
those for Λrain (two red lines) were obtained from Fig. 8a of a previous study (Wang
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et al., 2010). Λsnow from the empirical formula of Paramonov et al. (2011) (shown in
Fig. 8) and Λrain from an empirical formula plotted in Fig. 8a of Wang et al. (2010) are
also depicted in Fig. 10 (two dashed lines).

It can be seen in Fig. 10 that uncertainties in (or ranges of) Λsnow are up to two orders
of magnitude for small (< 0.01µm) and large aerosol particles (> 10µm) and up to three5

orders of magnitude for median size aerosol particles. In comparison, uncertainties in
Λrain are smaller than one order of magnitude for small and large aerosol particles
and mostly smaller than two orders of magnitude for median size aerosol particles; the
only exception for rain is for aerosol particles of 1–3 µm, for which the uncertainties are
slightly higher than two orders of magnitude. It should be pointed out that part of the10

large range of Λsnow values will be due to real variability (e.g., different snow particle
shapes and related properties affecting Λsnow) while the other part will be due to errors
(e.g., improper formulation of related parameters). The median Λsnow value seems to
be a factor of 5–10 higher than the median Λrain value for most aerosol particle sizes,
which suggests the possibility of faster removal of atmospheric aerosols by snow than15

by rain for an equivalent precipitation amount. However, almost all Λrain values lie within
the range of Λsnow values, which suggests that snow removal of aerosol particles may
not always be faster than rain removal. The relative magnitudes of Λsnow and Λrain
should also depend on snow particle shape (see the minimum Λsnow profiles in Fig. 8a
and d) and other conditions that may not be explicitly considered in either Λsnow or Λrain20

(e.g., Wang et al., 2011; Paramonov et al., 2011).
As discussed in Sect. 4.2, Λsnow from the field-based empirical formula shown in

Fig. 10 should be adjusted upwards to reflect the case of 1 mmh−1 precipitation in-
tensity. This adjustment to the empirical Λsnow profile would make it higher than the
corresponding empirical Λrain profile for submicron aerosols. Thus, it is likely that snow25

removal is more effective than rain removal in many situations, although this conclu-
sion may not apply to all snow particle shapes, to all aerosol particle sizes, or under
all other conditions. A firm conclusion thus cannot be drawn at this stage due to the
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limited number of field and laboratory studies that are available as well as the large
uncertainties in theoretical studies.

5 Conclusions

A review of current knowledge about Λsnow, the size-resolved scavenging coefficient
for atmospheric aerosols scavenged below cloud by falling snow, was conducted in5

this study. The four component parameters needed for theoretical formulations of Λsnow
all contribute significant uncertainties to the estimated Λsnow values. As expected, the
formulation of the collection efficiency E between snow particles and aerosol particles
contributes the largest uncertainty to Λsnow amongst all of the component parameters.
However, uncertainties caused individually by the other parameters were also up to10

one order of magnitude, which was unexpectedly large in contrast to values obtained
in an uncertainty analysis for Λrain presented in a previous study by Wang et al. (2010).

For a typical snowfall intensity of 1 mmh−1 (as liquid water equivalent, or approxi-
mately 1 cmh−1 of snow), the uncertainty associated with theoretically estimated Λsnow
profiles spans nearly three orders of magnitude, in contrast to the one to two order-15

of-magnitude range for Λrain. Moreover, most Λrain values lie in the lower end of the
range of Λsnow values, which suggests that snow scavenging of atmospheric aerosol
particles is likely more effective than rain scavenging in many cases for an equivalent
precipitation intensity. However, under certain circumstance (e.g., aerosol particle size,
snow particle shape, snowfall and rainfall intensity), removal by snow might be slower20

than removal by rain. A complete picture cannot be drawn at the present time due to
our limited knowledge.

Because of the large range of estimated Λsnow and Λrain values, their close mag-
nitudes, and their similar aerosol-particle-size dependent profiles, a simple semi-
empirical formula for size-resolved Λ as a polynomial function of precipitation inten-25

sity might be appropriate for both Λsnow and Λrain. Such a formula could be developed
through curve-fitting over a wide range of precipitation conditions using the set of ex-
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isting parameterizations and measurements reviewed in this and previous studies. The
new parameterization could be implemented in any size-distributed particulate-matter
model. This approach will be investigated in a separate study.

Appendix A

N(Dp) from Scott (1982) (Table 2)5

Scott (1982) assumed the snow particle number size distribution to follow the Marshall–
Palmer (1948) distribution:

N(Dm) = N0e exp(−βeDm) (A1)

where Dm is the actual snow particle size. In all of the calculations performed in this
study, however, the equivalent diameter of the melted snow particles, Dp, was used. It10

was thus necessary to convert Dm to Dp for the Scott (1982) distribution.
Mass is conserved when a snow particle melts:

ρwater
π
6
D3

p = ρice
π
6
D3

m (A2)

Here ρwater = 106 gm−3, and the ice density (i.e., frozen density) for a snow particle
was calculated from an empirical formula of Holroyd (1971):15

ρice =
170
Dm

(gm−3) (A3)

Combining Eqs. (A2) and (A3), we then obtain

Dm =
103

√
170

D3/2
p (m) (A4)

dDm =
106

170
× 3

2
×

D2
p

Dm
dDp (m) (A5)

20
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The number of snow particles with a diameter between Dm to Dm+dDm in a unit volume
of air, N(Dm)dDm can be expressed

N(Dm)dDm = N0e exp

(
−βe

103

√
170

D3/2
p

)
× 106

170
× 3

2
×

D2
p

Dm
dDp (m−3) (A6)

Here N0e = 5.0×107 (m−4), M = 0.37R0.94 (gm−3), and βe = 2072M−0.33 (m−1).

Appendix B5

An empirical Λsnow formula from Paramonov et al. (2011)

Paramonov et al. (2011) proposed a Λsnow parameterization from the empirical fit of
four years of field measurements in an urban environment in Helsinki, Finland:

Λ(dp) = 10a1+a2[log10dp]−2+a3[log10dp]−1

+g · (RH)−h (B1)

where dp is particle diameter (in m), a1 = 28.0, a2 = 1550.0, a3 = 456.0, g = 0.00015,10

h = 0.00013, and RH is relative humidity. The formula is only valid for aerosol particles
of 0.01–1. µm in diameter and snowfall intensities of 0.1 to 1.2 mmh−1 (as liquid water
equivalent). Nevertheless, the formula is applicable to snowfall episodes of snowflakes,
snow grains, ice crystals, ice pellets, as well as mixed with rain.
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Table 1. List of semi-empirical formulas for E (dp,Dp).

Source Formulas

Slinn (1984)a E (dp,λ) = ( 1
Sc )α +

[
1−exp(−(1+Re1/2

λ ))
(dp/2)2

λ2

]
+
(

St−St∗

St−St∗+2/3

)3/2

Murakami et al. (1985)b E (dp,Dm) = 48Ddiff
πDmVD

(0.65+0.44Sc1/3Re1/2)+28.5I1.186

+
(

S1−S2

S2 exp(S1t′)−S1 exp(S2t′)

)2

Dick (1990)c E (dp,Dm) = 2mVD

3πdpµaDm
+ 4

Pe (1+0.4Re1/6Pe1/3)

a λ 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). Reλ is the Reynolds number corresponding to the
specific λ. Sc is the Schmidt number: Sc = µa/ρaDdiff, where µa is the dynamic air viscosity, ρa is the air density and
Ddiff is the aerosol-particle diffusion coefficient. St is the Stokes number and St∗ is the critical Stokes number:

St∗ = 1.2+(1/12) ln(1+Reλ)
1+ln(1+Reλ) .

b The formula is for snow aggregates. Ddiff is the aerosol-particle diffusion coefficient, Re is the Reynolds number of
a snow particle: Re = DmVDρa/µa, where ρa is the air density and µa is the dynamic air viscosity. Sc is the Schmidt
number: Sc = µa/ρaDdiff, and I is the size ratio dp/Dc, with Dc 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 S1,

S2 and t′, and can be simplified to exp
(

−0.11

St1/2−0.25

)
if St ≥ 1/16, or to 0 if St < 1/16 (Feng, 2009), where St is the

Stokes number.
c m is the aerosol particle mass, µa is the dynamic air viscosity, and Pe is the Peclet number: Pe = DmVD/Ddiff,
where Ddiff is the aerosol-particle diffusion coefficient. Re is the Reynolds number: Re = DmVDρa/2µa, where ρa is
the air density and µa is the dynamic air viscosity.
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Table 2. List of exponential snow particle number size distributions. Actual snow particle size
was used in Scott (1982) (see Table A1) whereas melted snow particle sizes were used in
other formulas. R is precipitation intensity (mmh−1) and M is precipitation water concentration
(gm−3).

N(Dp) = N0e exp(−βeDp)
Source N0e [cm−4] βe [cm−1]

Marshall and Palmer (1948) 0.08 βe = 41R−0.21

M = 0.37R0.94

Scott (1982) 0.5 βe = 20.7M−0.33

= 28.8R−0.31

Gunn and Marshall (1958) N0e = 0.038R−0.87 βe = 25.5R−0.48

Sekhon and Srivastava (1970) N0e = 0.025R−0.94 βe = 22.9R−0.45
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Table 3. List of empirical and theoretical snow particle terminal velocity (cms−1) formulas.

Source Formula Particle shape

Langleben (1954) VD = 207D0.31
p plane dendrite

Jiusto and Bosworth (1971) VD = 104.9D0.206
m plane dendrite

Locatelli and Hobbs (1974) VD = 64.8D0.257
m plane dendrite

Molthan et al. (2010) VD = 110.1D0.145
m plane dendrite

Jiusto and Bosworth (1971) VD = 153D0.206
m column

Matson and Huggins (1980) VD = 1145D0.5
p graupel

Mitchell (1996) VD = Reµa

Dmρa
any shape

Re =


0.04394X 0.970, 0.01<X ≤ 10.0
0.06049X 0.831, 10.0<X ≤ 585
0.2072X 0.638, 585<X ≤ 1.56×105

1.0865X 0.499, 1.56×105 <X ≤ 108

Mitchell and Heymsfield (2005) VD = avD
bv
m , Re = a1X

b1, m = αDβ
m, A = γDσ

m any shape

av = a1

(
µa
ρa

)(1−2b1)( 2αg
ραγ

)b1
, bv = b1(β−σ +2)−1

Here Dp (cm) is the equivalent diameter of a melted snow particle and Dm (cm) is the maximum dimension of the

frozen snow particle. X is the Best number, X = 2mgρaD
2
m

Aµ2
a

. m and A are the mass and cross-sectional area of

a snow particle, respectively. α, β, γ and σ are constants (see discussion in Sect. 2.1), a1 and b1 are described as
functions of X (see Mitchell and Heymsfield, 2005).
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Table 4. Snow particle shapes considered in this study and their mass and cross-sectional area
formulas. Dm is the ice crystal maximum diameter (cm).

Snow particle shape Mass Cross-sectional Area
m = αDβ

m [g] A = γDσ
m [cm2]

Spheres m = 0.0524D3.00a
m A = 0.7854D2.00a

m

Dendrites m = 0.0022D2.19b
m A = 0.2285D1.88c

m

Columns m = 0.0450D3.00b
m A = 0.0512D1.41d

m

Graupel m = 0.0490D2.80e
m A = 0.5000D2.00a

m

a Obtained from m = ρs(π/6)D3
m and A = (π/4)D2

m, with ρs = 0.1gcm−3.
b From Woods et al. (2008)
c From Mitchell (1996) for “Aggregates of side planes”
d From Mitchell (1996) for “Rimed long columns”
e From Mitchell (1996) for “Lump graupel”
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Table 5. Total snow particle number concentration (Ntotal, m−3) for three of the number size dis-
tributions listed in Table 2 for four different snowfall intensities (as liquid water equivalent). MP
denotes the Marshall and Palmer (1948) distribution, SC denotes the Scott (1982) distribution,
and SS denotes the Sekhon and Srivastava (1970) distribution. f1, f2, and f3 are the percent-
ages of the snow particles with equivalent melted diameter smaller than 0.1 mm, between 0.1–
1.0 mm, and larger than 1 mm, respectively.

R MP SC SS

(mmh−1) Ntotal (m−3) f1 (%) f2 (%) f3 (%) Ntotal (m−3) f1 (%) f2 (%) f3 (%) Ntotal (m−3) f1 (%) f2 (%) f3 (%)

0.1 1126.5 46.4 53.4 0.2 8381.3 37.0 63.0 0.0 3164.7 45.4 54.3 0.2
1.0 1872.5 31.9 66.1 2.0 17 238.9 20.2 79.7 0.1 1066.1 19.3 69.5 11.2
5.0 2655.4 24.0 69.9 6.1 28 474.7 12.8 85.4 1.8 490.1 9.9 55.5 34.6
10.0 3083.2 21.1 70.0 8.9 35 332.7 10.5 85.6 3.9 349.9 7.3 46.7 46.0
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Table A1. Nomenclature.

av, bv empirical constants in VD power-law relationships
A snow-particle effective cross-sectional area projected normal to the fall direction (m2)
dp aerosol particle diameter (m)
Dp melted diameter of a snow particle (m)
Dm maximum dimension of a snow particle (m)
Dc snow-particle characteristic length used in E expression of Murakami et al. (1985) (m)
Ddiff aerosol-particle diffusivity coefficient (m2 s−1)
E (dp,Dp) snow particle-aerosol particle collection efficiency
g acceleration of gravity (ms−2)
M precipitation water concentration (gm−3)
m particle mass (kg)
n(dp,t) aerosol number concentration with diameters dp at time t
N0e intercept parameter for exponential size distribution (m−4)
N(Dp) snow particle number size distribution (m−4)
Ntotal total number concentration of snow particles (m−3)
Pe Peclet number
R precipitation intensity (mmh−1)
Re Reynolds number
RH relative humidity
Sc Schmidt number
St Stokes number
St∗ critical Stokes number
vd aerosol-particle terminal velocity (ms−1)
VD snow-particle terminal velocity (ms−1)
X Davies number
α, β empirical constants in mass-diameter power-law relationships
βe slope parameter for exponential size distribution
γ, σ empirical constants in Area-diameter power-law relationships
λ snow-particle characteristic capture length used in E expression of Slinn (1984) (m)
Λ(dp) size-resolved scavenging coefficient (s−1)
µa dynamic air viscosity (kgm−1 s−1)
ρa air density (kgm−3)
ρwater water density (kgm−3)
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Fig. 1. Size-resolved snow collection efficiency profiles E (dp,Dp) calculated using the three
formulas listed in Table 1 (three different colors) for aerosol particles from 0.001 to 10 µm 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 color group). Note in (a), (b) and (c) the overlap of red
triangle and red square and partially overlap of read circle and red cross; and in (a) the overlap
of blue triangle and blue cross and the overlap of blue circle and blue square.
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Fig. 2. Size-resolved snow scavenging coefficient profiles Λsnow determined for three differ-
ent E (dp,Dp) formulas (three different colors) under snowfall intensities of 0.1 (solid line) and

10.0 mh−1 (symbol line) for four snow particle shapes: (a) spheres; (b) dendrites; (c) columns;
and (d) graupel.
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Fig. 3. Snow particle number size distributions under snowfall intensities (as liquid water equiv-
alent) of (a) 0.1 mmh−1 and (b) 10.0 mmh−1 for four different formulas: MP – Marshall and
Palmer (1948); SC – Scott (1982); GM – Gunn and Marshall (1958); and SS – Sekhon and
Srivastava (1970).
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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 equiv-
alent) of 0.1 (solid line) and 10 mmh−1 (symbol line) for four different snow particle shapes.
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Fig. 5. Snow particle (a) terminal velocity and (b) cross-sectional area vs. maximum snow
particle dimension derived from different parameterizations (see Tables 3 and 4).
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Fig. 6. Size-resolved snow scavenging coefficients Λsnow derived from using different terminal
velocity parameterizations for snowfall intensities (as liquid water equivalent) of (a) 0.1, (b) 1.0,
and (c) 10 mmh−1. Note that among the four green lines, the triangle one is at the bottom and
the other three are close to each other.
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Fig. 7. Size-resolved Λsnow profiles derived from nine theoretical parameterizations generated
by a combination of three different E (dp,Dp) and three different N(Dp) formulas for a snowfall

intensity of 0.1 mmh−1 for four different snow particle shapes: (a) spheres; (b) dendrites; (c)
columns; and (d) 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 is
Empir. – Λsnow calculated from Paramonov et al. (2011), which is only valid for aerosol particles
with diameters between 0.01 and 1.0 µm.

14866

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/14823/2013/acpd-13-14823-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/14823/2013/acpd-13-14823-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 14823–14869, 2013

Assessment of
scavenging
coefficient

formulations

L. Zhang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Same as in Fig. 7 but for a snowfall intensity of 1.0 mmh−1 (note change in y-axis range).
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Fig. 9. Time evolution of normalized bulk aerosol number and mass concentrations for typical
marine and urban aerosol populations under snow intensities of 0.1 and 1.0 mmh−1 (liquid
water equivalent) calculated using two theoretical and one emipirical Λsnow parameterizations
shown in Figs. 7 and 8.
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Fig. 10. The range (uncertainty) of Λsnow and Λrain from existing theoretical formulations. Also
shown are an empirical Λsnow and an Λrain parameterization.
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