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Abstract. Wet deposition processes are highly efficient
in the removal of aerosols from the atmosphere, and thus
strongly influence global aerosol concentrations, and clouds,
and their respective radiative forcings. In this study, phys-
ically detailed size-dependent below-cloud scavenging pa-
rameterizations for rain and snow are implemented in the
ECHAM5-HAM global aerosol-climate model. Previously,
below-cloud scavenging by rain in the ECHAM5-HAM was
simply a function of the aerosol mode, and then scaled by
the rainfall rate. The below-cloud scavenging by snow was a
function of the snowfall rate alone. The global mean aerosol
optical depth, and sea salt burden are sensitive to the below-
cloud scavenging coefficients, with reductions near to 15%
when the more vigorous size-dependent below-cloud scav-
enging by rain and snow is implemented. The inclusion of
a prognostic rain scheme significantly reduces the fractional
importance of below-cloud scavenging since there is higher
evaporation in the lower troposphere, increasing the global
mean sea salt burden by almost 15%. Thermophoretic effects
are shown to produce increases in the global and annual mean
number removal of Aitken size particles of near to 10%, but
very small increases (near 1%) in the global mean below-
cloud mass scavenging of carbonaceous and sulfate aerosols.
Changes in the assumptions about the below-cloud scaveng-
ing by rain of particles with radius smaller than 10 nm do
not cause any significant changes to the global and annual
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mean aerosol mass or number burdens, despite a change in
the below-cloud number removal rate for nucleation mode
particles by near to five-fold. Annual and zonal mean nu-
cleation mode number concentrations are enhanced by up to
30% in the lower troposphere with the more vigourous size-
dependent below-cloud scavenging. Closer agreement with
different observations is found when the more physically de-
tailed below-cloud scavenging parameterization is employed
in the ECHAM5-HAM model.

1 Introduction

Atmospheric aerosols significantly influence climate since
they both reflect and absorb radiation (direct effects), and
modify cloud properties (indirect radiative effects) (Twomey,
1991; Charlson et al., 1992). A general circulation model
(GCM) must correctly quantify the global 3-dimensional dis-
tribution of the various aerosol species in order to accurately
predict climate. Global aerosol distributions are strongly
controlled by the rate of removal of aerosols from the at-
mosphere by wet scavenging processes (Rasch et al., 2000),
and these processes are represented with a great diversity
between models (Textor et al., 2006). To date, the below-
cloud scavenging coefficients in the ECHAM5-HAM model
have been a function of the aerosol mode (nucleation, Aitken,
accumulation and coarse), and then scaled by the precipita-
tion flux. However, in reality these scavenging coefficients
can vary over one or two orders of magnitude within any
given size mode (Greenfield, 1957; Wang et al., 1978). This
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variability is due to a variety of physical processes, including
an interplay of Brownian motion, and inertial impaction that
produces a scavenging minimum for aerosols near 0.1µm in
radius.

Previous modeling studies have implemented size-
dependent below-cloud scavenging parameterizations for
rain into regional and global models (Gong et al., 1997; Tost
et al., 2006; Henzing et al., 2006). Tost et al.(2006) assumed
a mean raindrop size as opposed to introducing a raindrop
size distribution. Observational studies (Andronache, 2003;
Andronache et al., 2006) have shown that below-cloud scav-
enging does depend on the aerosol and raindrop distribution.
In this study, we include both the aerosol and raindrop distri-
butions in the parameterization of the below-cloud scaveng-
ing coefficients, and investigate the deposition budgets for
sulfate, black carbon, particulate organic matter, sea salt, and
dust, and the 3-dimensional distributions of these aerosols in
global simulations with the ECHAM5-HAM model. Since
the ECHAM5-HAM model predicts the median radius of the
log-normal distribution for each of seven aerosol modes, the
detailed dependency of below-cloud scavenging on aerosol
size can be included in the model.

Below-cloud scavenging by snow is more difficult to rep-
resent in models since more assumptions about the size and
the shape of the crystals are required in order to estimate
the collection efficiency of the snow. Previous global studies
have typically used fixed mean below-cloud scavenging co-
efficients that are scaled by the snow flux (Stier et al., 2005;
Tost et al., 2006). Gong et al.(1997) did apply an aerosol
size-dependent below-cloud scavenging parameterization for
snow followingSlinn (1984) into a regional model for sea
salt. This study uses a similar parameterization, following
Slinn (1984) and Dick (1990) but extends the approach to
global simulations of five aerosol species.

The goal of this study is to investigate the impacts of
below-cloud scavenging parameterizations for both rain and
snow on the vertical profiles of aerosol mass and number
in the framework of a global model. For this study, we
use the term below-cloud scavenging since the aerosol im-
paction scavenging by rain and snow is examined only below
cloud base. We will consider the impacts of these parame-
terizations on global aerosol deposition, burdens, concentra-
tions, and also on cloud properties, cloud radiative proper-
ties, and precipitation. Section 2 provides an overview of the
ECHAM5-HAM model, and presents the collection efficien-
cies and below-cloud scavenging coefficients required for the
aerosol size-dependent below-cloud scavenging parameteri-
zations. Section 3 presents the results and discussion, com-
paring the various aerosol size-dependent below-cloud scav-
enging parameterizations in terms of their impacts on aerosol
wet deposition, burdens, vertical profiles of aerosol mass and
number concentrations, and clouds. Section 4 is the summary
and conclusions.

2 Model description

ECHAM5 is a fifth generation atmospheric general circula-
tion model (GCM) developed at the Max-Planck Institute for
Meteorology (Roeckner et al., 2003), and evolved from the
model of the European Centre for Medium Range Weather
Forecasting (ECMWF). The model solves prognostic equa-
tions for vorticity, divergence, temperature and surface pres-
sure using spheric harmonics with triangular truncation. Wa-
ter vapor, cloud liquid water and ice are transported using
a semi-Lagrangian scheme (Lin and Rood, 1996). Prognos-
tic equations for cloud water and ice followLohmann et al.
(2007). The model includes the cirrus scheme ofKärcher and
Lohmann(2002). Convective clouds, and transport are based
on the mass-flux scheme ofTiedtke (1989) with modifica-
tions followingNordeng(1994). The solar radiation scheme
has 6 spectral bands (Cagnazzo et al., 2007) and the infrared
has 16 spectral bands (Mlawer et al., 1997; Morcrette et al.,
1998). The GCM is coupled to the Hamburg Aerosol Model
(HAM), which is described in detail inStier et al.(2005).
The aerosols are represented by seven log-normal modes,
4 internally mixed/soluble modes (nucleation (NS), Aitken
(KS), accumulation (AS), and coarse (CS)) and 3 insoluble
modes (Aitken (KI), accumulation (AI),and coarse (CI)). The
median radius for each mode is calculated from the aerosol
mass and number distributions in each mode. Aerosol mass
and number are transferred between the modes by the pro-
cesses of sulfuric acid condensation, and also coagulation
between aerosols. All results presented in this study are from
a one year simulation, following a three months spin-up pe-
riod, and are nudged towards the meteorological conditions
of the year 2001. The nudging approach, combined with
aerosol-radiation de-coupling, was chosen in order to have
the same dust and sea salt emissions in all simulations. We
chose the year 2001 since that was a neutral year for the El
Nino Southern Oscillation. The natural emissions of sea salt,
dust, and DMS from the oceans are calculated on-line, based
on the meteorology of the model. Emissions for all other
aerosol species are taken from the AEROCOM emission in-
ventory, and are representative for the year 2000 (Dentener
et al., 2006). The aerosol emissions and the removal pro-
cesses of in-cloud scavenging, sedimentation, and dry depo-
sition are described in detail inStier et al.(2005).

2.1 Below-cloud scavenging parameterizations

2.1.1 Current below-cloud scavenging parameteriza-
tion

The below-cloud scavenging parameterization in the con-
trol (CTL) simulation of the ECHAM5-HAM model follows
Stier et al.(2005). The below-cloud scavenging coefficients
are a function of the aerosol mode, and are scaled by the
respective rain, or snow flux in each model layer. These co-
efficients are shown in Table1, and for rain assume a fixed
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Table 1. Prescribed below-cloud scavenging coefficients (m2

kg−1) as a function of aerosol mode, for the four internally
mixed/soluble modes, nucleation (NS), Aitken (KS), accumulation
(AS), coarse (CS), and the three insoluble modes, Aitken (KI), ac-
cumulation (AI), and coarse (CI).

Rain Snow

NS 5×10−4 5×10−3

KS 1×10−4 5×10−3

AS 1×10−3 5×10−3

CS 1×10−1 5×10−3

KI 1×10−4 5×10−3

AI 1×10−3 5×10−3

CI 1×10−1 5×10−3

rain drop diameter of 4 mm, and a lognormal aerosol distri-
bution, following Fig. 20.15 inSeinfeld and Pandis(1998).
The tracer tendency due to below-cloud scavenging is

1Ci

1t
= Camb

i f precip(Rr
i F

r
+ Rs

i F
s) (1)

whereCamb
i is the ambient mixing ratio of theith tracer in

the cloud-free air.F r andF s are the fluxes of rain and snow,
respectively.f precip is the fraction of the grid box affected
by precipitation.Rr

i andRs
i are the below-cloud scavenging

coefficients normalized by the precipitation flux for rain and
snow, respectively.

2.1.2 New below-cloud scavenging parameterization for
rain

The more physically detailed size-dependent below-cloud
scavenging parameterization for rain used in all model sim-
ulations except CTL does not assume a fixed collector drop
size, but instead assumes that the raindrops follow the distri-
bution ofMarshall and Palmer(1948),

N(Dp) = no exp(−3Dp) (2)

where

3 = 4.1R−0.21 (3)

andno is 8×103 m−3 mm−1, andDp is the drop diameter in
mm, andR is the rainfall rate in mm hr−1.

The below-cloud scavenging coefficients as a function of
aerosol size (rp) are given by

3(rp) =

∫
∞

0
πR2

pUt (Rp)E(Rp, rp)N(Rp)dRp (4)

following Slinn(1984); Pruppacher and Klett(1998) andSe-
infeld and Pandis(1998), whereE(Rp, rp) is the collection
efficiency as a function of the drop and aerosol radii,Rp and
rp, respectively, andUt (Rp) is the drop’s terminal velocity.

The collection efficiencies used in this study are compiled
in a look-up table as a function of aerosol and collector drop
size from the sources that are outlined in Table2. The col-
lection efficiency due to Brownian diffusion followsYoung
(1993) and is

Ebrownian=
4rbDfa

(rs + rb)2|V∞,b − V∞,s |
(5)

whereD is the diffusion coefficient for small particles and
fa is the ventilation coefficient. The terminal velocities,
V∞,b andV∞,s for the collector and aerosol particles, respec-
tively, are dependent on particle size. For particles of radius,
r<10µm, the terminal velocity is

V∞ = (1 +
1.26λa

r
)Vs (6)

whereVs is the Stokes flow velocity andλa is the mean free
path of air molecules. For particles of radius 10≤r<500µm,

V∞ =
ηaNRe

2ρar
(7)

is the terminal velocity whereηa and ρa are the dynamic
viscosity and density of air, respectively, andNRe is the
Reynolds number (Beard and Pruppacher, 1969). Finally for
the case wherer≥500µm, the terminal velocity is given by
the empirical approach for deformed drops based onGunn
and Kinzer (1949), Garner and Lihou(1965), and Beard
(1976).

The modified Hall table, which is referred to in Table2 is
shown in Table3. These values are fromHall (1980) except
for collector drop radii≤30µm new efficiencies were gen-
erated by averaging from the values inLin and Lee(1975),
Schlamp et al.(1976) andKlett and Davis(1973). The final
assumption is that all collisions result in collection. Thus, the
coagulation efficiency is assumed to be unity.

Examples of the collection efficiencies for certain collec-
tor partner sizes are shown in Fig.1. Aerosols with radii
less than about 0.1µm are more efficiently collected due to
their Brownian motion, and larger aerosols are more effi-
ciently collected due to their inertia. Thus, there is a min-
imum collection efficiency for particle radius near 0.1µm,
as first presented byGreenfield(1957), which is often called
the Greenfield gap. Aerosols in this size range are most read-
ily swept around the falling drop. Equations to parameterize
these collection efficiencies do exist (Slinn, 1984; Jung and
Lee, 1998). These equations parameterize the collection effi-
ciency due to the processes of Brownian diffusion, intercep-
tion, and inertial impaction. One advantage of our approach
is that the code can be readily modified to introduce tables
that include the effects of thermophoresis, as has been done
in this study, or additionally turbulence or electric charge,
and the approach can be more readily extended over a wider
range of size of collision partners, such as for in-cloud im-
paction scavenging.
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Table 2. Collision efficiencies as a function of the radii of the bigger and smaller collision partners,rb andrs , respectively.

rb (µm) rs (µm) collision efficiency

rb>300 rs>10 1.
300≥rb>10 rs>10 modified tables fromHall (1980) (see Table3) and grid square method with bilinear interpolation
rb>300 10≥rs>0.2 values interpolated between Brownian diffusion andWang et al.(1978) data using logarithmic inter-

polation
300≥rb>42 10≥rs>0.2 values fromWang et al.(1978), Fig. 4, curves 4-D and grid square method with bilinear interpolation
42≥rb>10 10≥rs>0.5 values interpolated between Brownian diffusion, modified Hall table andWang et al.(1978) data

using grid square method with bilinear interpolation
42≥rb>10 0.5≥rs>0.2 Brownian diffusion
rb≤10 10≥rs>0.5 values interpolated between Brownian diffusion, modified Hall table andWang et al.(1978) data

using logarithmic interpolation
rb≤10 0.5≥rs>0.2 Brownian diffusion
all values ofrb rs≤0.2 Brownian diffusion

Table 3. Collision efficiencies fromHall (1980) and modified for drop radii≤30µm. The bigger and smaller collision partners arerb and
rs , respectively.

rb (µm) 300 200 150 100 70 60 50 40 30 20 10

rs/rb

0.05 0.97 0.87 0.77 0.5 0.18 0.05 0.005 0.001 0.0001 0.0001 0.0001
0.10 1.0 0.96 0.93 0.79 0.56 0.43 0.40 0.07 0.002 0.0001 0.0001
0.15 1.0 0.98 0.97 0.91 0.80 0.64 0.60 0.28 0.02 0.005 0.0001
0.20 1.0 1.0 0.97 0.95 0.88 0.77 0.70 0.50 0.04 0.015 0.013
0.25 1.0 1.0 1.0 0.95 0.90 0.84 0.78 0.62 0.085 0.023 0.016
0.30 1.0 1.0 1.0 1.0 0.91 0.87 0.83 0.68 0.17 0.032 0.02
0.35 1.0 1.0 1.0 1.0 0.94 0.89 0.86 0.74 0.27 0.043 0.024
0.40 1.0 1.0 1.0 1.0 0.95 0.90 0.88 0.78 0.40 0.054 0.028
0.45 1.0 1.0 1.0 1.0 0.96 0.91 0.90 0.80 0.50 0.065 0.031
0.50 1.0 1.0 1.0 1.0 0.97 0.91 0.90 0.80 0.53 0.075 0.034
0.55 1.0 1.0 1.0 1.0 0.98 0.91 0.90 0.80 0.54 0.081 0.035
0.60 1.0 1.0 1.0 1.0 0.98 0.91 0.90 0.78 0.54 0.084 0.036
0.65 1.0 1.0 1.0 1.0 0.98 0.91 0.89 0.77 0.54 0.082 0.037
0.70 1.0 1.0 1.0 1.0 0.99 0.92 0.88 0.76 0.53 0.078 0.037
0.75 1.0 1.0 1.0 1.0 1.0 0.93 0.88 0.77 0.51 0.07 0.037
0.80 1.0 1.0 1.0 1.0 1.05 0.95 0.89 0.77 0.48 0.06 0.037
0.85 1.0 1.0 1.0 1.0 1.10 1.0 0.92 0.78 0.46 0.05 0.036
0.90 1.0 1.0 1.0 1.0 1.3 1.03 1.01 0.79 0.43 0.042 0.034
0.95 1.0 1.0 1.0 1.0 2.0 1.7 1.3 0.95 0.44 0.035 0.032
1.00 1.0 1.0 1.0 1.0 4.0 3.0 2.3 1.4 0.52 0.027 0.027

To obtain the mean below-cloud scavenging coefficients
for the mass distributions as a function of aerosol median
diameter,3m(rpm), a second integration over the aerosol size
distributionn(rp) is done,

3m(rpm) =

∫
∞

0 3(rp)r3
pn(rp)drp∫

∞

0 r3
pn(rp)drp

. (8)

Similarly, the mean below-cloud scavenging coefficients
for the number distributions are,

3n(rpm) =

∫
∞

0 3(rp)n(rp)drp∫
∞

0 n(rp)drp
. (9)

The resulting mass and number distribution scavenging
coefficients are shown in Fig.1. These coefficients have a
minimum for aerosol sizes near 0.1µm due to the collection
efficiency minimum. Scavenging coefficients are higher for
higher rainfall rates. A look-up table of these scavenging
coefficients as a function of aerosol size and rainfall flux is
used in the model. These coefficients are applied asRr

i F
r in

Eq. (1).

Figure 2 shows how the assumption of an exponential
raindrop distribution as opposed to assuming all the rain-
drops are either 0.4 mm or 4.0 mm can give differences in the
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Fig. 1. Collision efficiency for raindrop-aerosol collisions as a function of aerosol radius and collector rain drop size is shown on the left
panel. Also on the left is the snow-aerosol collision efficiency (Snow A: Dick, 1990; Snow B: Slinn, 1984). Coagulation efficiency is
assumed to be unity. Mean mass (solid lines) and number (dashed lines) below-cloud scavenging coefficients (s−1) as a function of aerosol
modal radius and rainfall rate are shown on right panel.

below-cloud scavenging coefficients of more than an order
of magnitude. The differences in the scavenging coefficients,
assuming various exponential distributions for drizzle, thun-
derstorm and the standard Marshall-Palmer distribution, are
not as great as the difference in the coefficients if all the rain-
drops are assumed to be one size. The exponential raindrop
distributions generally give coefficients that are between the
coefficients for unimodal 0.4 and 4.0 mm raindrops, except
for the scavenging of ultra-fine particles, which is greatest
in the case of drizzle. The exponential distributions are from
Joss and Waldvogel(1969). The equations for the scavenging
coefficients assuming unimodal raindrops are given inSein-
feld and Pandis(1998). For mass scavenging of aerosols with
radii over 50 nm, all coefficients shown in Fig.2 exceed those
used byStier et al.(2005) by up to 2 orders of magnitude.

Figure3 shows how these scavenging coefficients are in-
fluenced by lower relative humidity. Based on the collection
efficiencies ofWang et al.(1978), the mean mass and number
scavenging coefficients have been re-calculated. Decreasing
relative humidity increases scavenging in the Greenfield gap
since the evaporating raindrops are cooler at the surface, and
this sets up a thermal gradient that induces motion of the
aerosols towards the cooler raindrop surface. Away from the
Greenfield gap, other physical processes such as Brownian

motion and inertial impaction dominate the collection, and
so the influence of relative humidity is less pronounced. This
is particularly evident at lower rainfall rates.

Andronache et al.(2006) found that observed scavenging
coefficients for ultrafine particles exceeded model calcula-
tions for below-cloud scavenging based on Brownian mo-
tion, interception, and typical phoretic and charge effects.
Here, we present two sensitivity studies for the below-cloud
scavenging of particles with radius smaller than 10 nm, and
investigate the impact on global aerosol concentrations and
deposition. Figure4 shows the scavenging coefficients for
the extreme assumption that the collection efficiency is zero
for ultra-fine particles that are smaller than 10 nm in radius.
These coefficients are used in the sensitivity study BCS2-
ULOW. As an additional sensitivity test, we assume that the
collection of particles smaller than 10 nm radius can be de-
scribed by the mass transfer coefficient,Kc, for the transfer
of a gaseous molecule to a falling rain drop (Seinfeld and
Pandis, 1998).

Kc =
Dg

2Rp

(
2 + 0.6

(
2RpUt

ν

)1/2(
ν

Dg

)1/3
)

(10)

where Dg is the diffusivity coefficient for the gas in air
(cm2 s−1), ν is the kinematic viscosity (cm2 s−1), Ut is the
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Fig. 2. Mean below-cloud scavenging coefficients for a precipitation rate of 1 mm hr−1, assuming exponential distributions for thunderstorm,
drizzle, and the standard Marshall Palmer. Also, assuming unimodal distributions for raindrop radii of 4 mm and 0.4 mm, and a fixed snow
crystal radius. Mass scavenging coefficients are on left panel and number scavenging coefficients are on the right panel. Red and green steps:
modal coefficients ofStier et al.(2005) for rain and snow, respectively.

terminal velocity of the falling rain drop, andRp is the rain
drop radius. We assume that the particles behave as the gas
water vapor. The mass transfer coefficients are used in place
of Ut (Rp)E(Rp, rp) in Eq. (4), and the mean mass and num-
ber scavenging coefficients are found following Eqs. (8) and
(9). For aerosol particles near to 10 nm in radius, the mean
mass and number scavenging coefficients are increased by
near to two orders to magnitude for this assumption. These
coefficients are used in the sensitivity simulation BCS2-
UHIGH.

2.1.3 New below-cloud scavenging parameterization for
snow

For the below-cloud scavenging by snow, the CTL simulation
of the ECHAM5-HAM follows Eq. (1) and the value ofRs

i

is fixed at 0.005 m2 kg−1 for all aerosol modes. To make the
below-cloud scavenging by snow depend on the aerosol size,
a size-dependent collection efficiency for snow is required.
FollowingDick (1990) the collection efficiency is

E =
mUt

6πrηR
+ 4Pe−1(1 + 0.4Re1/6Pe1/3) (11)

wherem is the aerosol particle mass,Ut is the terminal ve-
locity of the snow crystals,r is the radius of the aerosol par-

ticles, η is the absolute viscosity of air,R is the radius of
the snow crystals,Re is the Reynold’s number andPe is the
Peclet number. FollowingDick (1990), we assume that all
snow crystals are 30µg in mass and have a radius of 0.5 mm
and fall at a terminal velocity of 80 cm s−1. The Reynold’s
number is

Re =
ρaRUt

η
(12)

whereρa is the air density. The Peclet number is

Pe =
2RUt

D
(13)

whereD is the aerosol diffusivity. Again followingDick
(1990), the scavenging coefficient normalized by the precipi-
tation flux is the collection efficiency multiplied by the cross-
sectional area of a snow crystal divided by the snow crystal
massM,

Rs(r) =
πR2

M
E (14)

As an alternative, the collection efficiency equation of
Slinn(1984) may be used. The collection efficiency for snow
is given by,

E(r) =

( 1

Sc

)α

+

(
1 − exp

(
− (1 + Re

1/2
λ )

) r2

λ2

)
+

( St − S∗

St − S∗ +
2
3

)3/2
(15)

Atmos. Chem. Phys., 9, 4653–4675, 2009 www.atmos-chem-phys.net/9/4653/2009/



B. Croft et al.: Below-cloud scavenging in ECHAM5-HAM 4659

10
−3

10
−2

10
−1

10
0

10
1

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

10
−3

10
−2

Rain rate = 0.01 mm hr−1

M
ea

n 
N

um
be

r 
S

ca
v 

C
oe

ff 
(s

−
1 )

 

 
RH=50%
RH=75%
RH=95%
RH=100%

10
−3

10
−2

10
−1

10
0

10
1

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

10
−3

10
−2

Rain rate = 0.01 mm hr−1

M
ea

n 
M

as
s 

S
ca

v 
C

oe
ff 

(s
−

1 )

10
−3

10
−2

10
−1

10
0

10
1

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

10
−3

10
−2

Rain rate = 1 mm hr−1

M
ea

n 
N

um
be

r 
S

ca
v 

C
oe

ff 
(s

−
1 )

Geometric Mean Aerosol Radius (μm)
10

−3
10

−2
10

−1
10

0
10

1
10

−9

10
−8

10
−7

10
−6

10
−5

10
−4

10
−3

10
−2

Rain rate = 1 mm hr−1

Geometric Mean Aerosol Radius (μm)

M
ea

n 
M

as
s 

S
ca

v 
C

oe
ff 

(s
−

1 )

Fig. 3. Mean below-cloud mass and number scavenging coefficients for rain with thermophoretic effects included for relative humidities of
50%, 75%, 95% and 100%, and for rainfall rates of 0.01 and 1 mm hr−1.

whereSc is the Schmidt number,Re is the Reynold’s number
andSt is the Stokes number andr is the aerosol size. The
parameterS∗ is given as

S∗ =
12/10+ (1/12)ln(1 + Re)

1 + ln(1 + Re)
(16)

whereRe is the Reynold’s number. The parametersα and
λ depend on the type of snow crystals. For this study, the
crystals were assumed to be rimed crystals, and thusα andλ

were fixed at 100µm and 2/3, respectively. FollowingSlinn
(1984), the scavenging coefficient as a function of aerosol
sizer, and normalized by the snow fall rate is given by,

Rs(r) =
γE(r)

Dm

(17)

where Dm is a characteristic length of 2.7×10−3 cm for
rimed particles andγ is a fixed parameter of order unity (0.6).
Figure1 shows the collection efficiencies for snow from both
Dick (1990) (Snow-A) andSlinn (1984) (Snow-B). Figure2
shows how these scavenging coefficients for snow compare
to the fixed coefficient for a precipitation rate of 1 mm hr−1,
which is shown as the horizontal green line. The conver-
sion from precipitation flux was made by assuming the snow
density was 0.1 of the water density. These size dependent
scavenging coefficients for snow are higher than the coeffi-
cients used in the CTL simulation by a few orders of magni-

tude, particularly for the nucleation and coarse modes. The
scavenging minimum is at a different radius and has a dif-
ferent width for the two parameterizations. This is due to
differences in the assumptions about the morphology of the
snow particles, similar to that presented byMiller and Wang
(1991) and Feng(2009). This study has implemented the
coefficients ofSlinn (1984). The parameterization of below-
cloud scavenging by snow is difficult since there are many
assumptions to be made about the snow crystal properties.
While our assumptions are reasonable, there remains consid-
erable uncertainty since the variability in the size and shape
of the snow crystals is neglected.

All below-cloud scavenging parameterizations require a
representation of the precipitation fraction. The stratiform
precipitating fraction is found starting from the top layer of
the model and descending the vertical column. The precipi-
tation fraction is set to the cloud fraction in the first precip-
itating layer. Thereafter, the precipitating fraction remains
the same in subsequent layers until the amount of precip-
itation formed in any layer exceeds the amount of precip-
itation formed in the overlying layers. In the latter case,
the precipitation fraction is set to the cloud fraction of that
layer and so forth down the vertical column. The precip-
itation fraction is further adjusted if the cloud fraction ex-
ceeds the precipitating fraction from the overlying layer, but
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Fig. 4. Mean below-cloud mass and number scavenging coefficients for rain, assuming the standard Marshall-Palmer raindrop distribution
for five rainfall rates, and for three assumptions about the collection of particles with radius smaller than 10 nm: collection due to Brownian
motion (solid lines), zero collection efficiency (dashed lines), and collection behavior similar to an irreversibly soluble gas (dotted lines).

the precipitation generated in that layer does not exceed that
from overlying layers. In this case, the new precipitation
fraction is the weighted sum of the precipitation fraction and
precipitation generated from the over-lying layers, and the
cloud fraction and precipitation generated in the given layer.
In all simulations except BCS2-CPF, the convective precipi-
tation fraction in thekth model layer is,

PFconv(k) =
MFup

vup(k)ρair(k)
(18)

whereMFup is the updraft mass flux,vup(k) is a prescribed
updraft velocity (2 m s−1), andρair is the air density. Since
below-cloud scavenging is parameterized to occur only in
completely clear layers, this might under-estimate the scav-
enging becausePFconv(k) is likely to be lower in cloud-
free layers than in cloudy layers. Thus, in the sensitiv-
ity simulation, BCS2-CPF, the convective precipitating frac-
tion is found using a maximum overlap assumption, and a
precipitation-based weighting of the precipitating fractions
from overlying layers. That is,

PF new
conv(k) =

∑k
z=ktopPFconv(k) · Pform(k)∑k

z=ktopPform(k)
(19)

wherePform is the precipitation formed in thekth layer.

3 Results and discussion

3.1 Mass deposition budgets

Table4 summarizes the model simulations. Figures5 and
6 show the geographic distribution of the annual mean mass
wet deposition of sulfate, black carbon (BC), particulate or-
ganic matter (POM), sea salt (SS) and dust (DU) for the sim-
ulation BCS2, which has size-dependent below-cloud scav-
enging for both rain and snow. These figures also compare
the wet deposition between the BCS2 and CTL simulations.
Modification to the below-cloud scavenging parameteriza-
tion is shown to produce the greatest changes in the sea salt
and dust wet deposition. Wet deposition of these aerosols is
increased close to source regions for the BCS2 simulation.
Henzing et al.(2006) also showed that below-cloud scaveng-
ing is an important sink for sea salt particles, near to 12% of
global removal, and should be included in a size-resolved pa-
rameterizations, such as was also done byGong et al.(1997).

In terms of mass, the wet deposition of the carbonaceous
aerosols and sulfate is shown to be least influenced by the
below-cloud scavenging parameterization on a global scale,
but there are regional changes. Unlike sea salt and dust, wet
deposition is not significantly increased at the major source
regions. However, in the zonal band near 20◦ N there is in-
creased wet deposition. This latter feature is associated with
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Fig. 5. The geographic distribution of annual mean wet deposition of sulfate, black carbon and particulate organic matter for the BCS2
simulation is shown on the left panels. The percent change in the wet deposition relative to the control simulation ((BCS2-CTL)/CTL) is
shown on the right panels.

an aerosol-precipitation feedback triggered by the below-
cloud scavenging parameterizations and will be discussed
further in the following sub-sections. Additionally, there is
reduced wet deposition of dust and carbonaceous aerosols in
the latitude band near 60◦ S, which is indicative of reduced
poleward transport of these aerosols in response to increased
wet deposition somewhat closer to their sources. To better
understand whether these changes in wet deposition are due
to the revised parameterizations, or due to differences in the
precipitation rates, the change in total precipitation rates be-
tween the simulations BCS2 and CTL is shown in Fig.6.
Over the southern oceans, the precipitation is not changed
by more than 5%, and so increases to the sea salt deposition
here are primarly due to the new parameterizations. How-
ever, over regions of Northern Africa, and small, local re-
gions in the tropics, there are changes to the precipitation
that do contribute to the differences in the wet deposition.

Tables5–9 present the annual and global mean mass de-
position budgets for the various simulations. The annual
and global mean mass removal by below-cloud scaveng-
ing is shown to be highly sensitive to the choice of below-
cloud scavenging coefficients, with an increase of between

one and two orders of magnitude for the BCS2 simulation
as compared to the CTL simulation for the various aerosol
species. The mass deposition budgets for sea salt and dust
are controlled by the scavenging of the coarse mode, whereas
the sulfate, black carbon, and particulate organic matter
mass deposition budgets are dominated by the accumulation
mode scavenging. Figure2 shows that the CTL simulation
uses much lower coefficients for accumulation and coarse
mode mass scavenging than the other simulations with size-
dependent scavenging. As a result, this low mass removal in
the CTL simulation is expected. Tables5–9 show that the
mass removal by below-cloud scavenging is highly sensitive
to the assumptions about the raindrop distribution with differ-
ences up to 60% between the BCS2, BCS2-M0.4 and BCS2-
M4.0 simulations. Assuming all the raindrops are 0.4 mm in
size gives the highest removal of mass by below-cloud scav-
enging. These effects occur for all aerosol species. Increases
in the mass removal by below-cloud scavenging are associ-
ated with decreases in the mass removal by in-cloud scaveng-
ing. This is expected since the greater aerosol removal below
cloud base allows less aerosol to be available for transport
upward to the altitudes where in-cloud scavenging occurs.
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Fig. 6. The geographic distribution of annual mean wet deposition of sea salt and dust and total precipitation for the BCS2 simulation
is shown on the left panels. The percent change in the wet deposition and total precipitation relative to the control simulation ((BCS2-
CTL)/CTL) is shown on the right panels.

Sedimentation and dry mass deposition rates are also re-
duced in response to the lower aerosol concentrations. For
sea salt, the global and annual mean fraction of mass removal
by below-cloud scavenging for the simulation BCS2 (23%)
is higher than that reported byHenzing et al.(2006) (12%)
using the global chemistry transport model TM4, and con-
siderably higher than for the CTL simulation (3%).

Table 10 shows the relative contributions of both strati-
form and convective rain and snow to the total mass removal
by below-cloud scavenging for all 5 aerosol species. Strati-
form rain accounts for the majority of the below-cloud scav-
enging, near to 60% for dust and up to 80% for sea salt for the
simulation BCS2. Convective scavenging accounts for less
than 1% of the global below-cloud removal since convec-
tive precipitation covers a much smaller fraction of the model
grid boxes as compared to the stratiform precipitation. Sim-
ulation BCS2-CPF shows that an alternative to the convec-

tive precipitation fraction, as given in Eq. (19), can increase
the annual mean convective scavenging by 3–4 times, but
the contribution to total below-cloud scavenging is still only
near to 1%. We have used a relatively high and fixed ver-
tical velocity, and this contributes to relatively low convec-
tive precipitation fractions, and low convective below-cloud
scavenging rates for this study. As convective parameteriza-
tions develop, and the representation of subgrid scale effects
related to convective clouds is advanced, then improvements
can be made to the treatment of convective below-cloud scav-
enging.

3.2 Column mass burdens and lifetimes

Figures 7 and 8 show the geographic distribution of the
aerosol burdens for the BCS2 simulation, and a compar-
ison between the CTL and BCS2 simulations. The sea
salt and dust burdens are reduced more by the invigorated
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Fig. 7. The geographic distribution of the annual mean burdens of sulfate, black carbon and particulate organic matter for the BCS2
simulation is shown on the left. The percent change relative to the CTL simulation is shown on the right.

below-cloud scavenging than the sulfate and carbonaceous
aerosol burdens. Dust burdens are changed by less than 10%
near the major source regions, except for Eur-Asian dust.
This is expected since dust is often emitted in regions with
low precipitation, and also may be lofted above levels where
below-cloud scavenging occurs. However, dust burdens are
reduced poleward, and away from the major source regions
by up to 30% in response to the invigorated below-cloud
scavenging in the simulation BCS2. One must remember that
percent changes should be interpreted by keeping in mind
that in some cases the magnitude of the burden and deposi-
tion is small, such in this case for dust deposition away from
source regions. However, sea salt burdens are reduced by
20–30% over the major ocean source regions in the BCS2
simulation as compared to the CTL simulation.

Tables5–9also present the annual and global mean aerosol
burdens and lifetimes. The global and annual mean sea salt
burden, and lifetime are reduced by 15–20% when the size-
dependent scavenging parameterizations are implemented.
The reductions for the other aerosol species are between

5–10%. Sea salt is most strongly influenced by the size-
dependent below-cloud scavenging parameterizations since
this aerosol species has a considerable fraction of total mass
in the coarse mode, and the scavenging coefficients for this
mode are greatly enhanced, by one to two orders of mag-
nitude, as compared to the prescribed coefficients ofStier
et al.(2005) (shown in Fig.2). Dust also has a considerable
mass in the coarse mode, but the lifetime reduction is less,
7% as opposed to 15%, for sea salt between the BCS2 and
CTL simulations. This occurs since dust tends to be emit-
ted in regions of lower precipitation, and is lofted above the
altitudes of below-cloud scavenging while being aged to a
soluble/mixed state, which can be scavenged by cloud nucle-
ation processes. On the other hand, sea salt emissions are
generally in regions of stratiform precipitation, and are more
susceptible to removal by below-cloud scavenging shortly
after emission. Figure9 shows that for the BCS1 simula-
tion, which had invigorated below-cloud scavenging by rain
only, the dust and sea salt burdens are reduced by less com-
pared to the CTL simulation than for the BCS2 simulation.
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Fig. 8. The geographic distribution of the annual mean burdens of sea salt and dust for the BCS2 simulation is shown on the left. The
percent change relative to the CTL simulation is shown on the right.

Fig. 9. The percent change of the annual mean burdens of sea salt and dust for the BCS1 and BCS2-PR simulations relative to the CTL
simulation.
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Fig. 10. The annual and zonal mean vertical profiles of the mass mixing ratios of sulfate, black carbon, particulate organic matter, sea salt, and dust for the BCS2 simulation are
shown on the left. The percent change relative to the CTL simulation for the BCS2 simulation is shown on the right.

Particularly poleward of 45◦ N and 45◦ S, the dust and sea
salt burdens are reduced by 10 to 20% or less in the BCS1
simulation, as opposed to in excess of 20% for the BCS2
simulation.

Implementation of the prognostic stratiform rain scheme
of Posselt and Lohmann(2008) in simulation BCS2-PR has
the greatest impact on the annual and global mean sea salt
burden. The BCS2-PR simulation is the only simulation that
the rain formed in one time-step is not completely removed
in that same time-step. Table8 shows that the sea salt bur-
den is increased as compared to the BCS2 simulation, and
is only about 3% lower than for the CTL simulation. Simi-
lar to the other simulations with size-dependent below-cloud
scavenging, the below-cloud scavenging is increased and the
in-cloud scavenging is reduced for the BCS2-PR simulation
relative to the CTL for all aerosol species, but the magni-
tude of these changes is reduced by near to 50%. Figure9
shows the geographic distribution of the change in the sea
salt and dust burdens in the BCS2-PR simulation relative
to the CTL simulation. In comparison to the BCS2 sim-
ulation, shown in Fig.8, there is less reduction in the sea

salt mass in the tropics and mid-latitudes. These effects oc-
cur since there is increased evaporation fluxes, particularly
in the lower troposphere in the BCS2-PR simulation at these
warmer latitudes. So there is more efficient release of the
aerosols back to the atmosphere, reducing the mass removal
by below-cloud scavenging when the prognostic rain scheme
is implemented. The dust burden change for the BCS2-PR
simulation, as compared to the BCS2 simulation is not as
great. This is expected since dust is often lofted higher in the
atmosphere prior to wet deposition, or not emitted in regions
with high rainfall. Thus, the dust burden is less sensitive to
the enhanced evaporation in the lower tropical troposphere in
the BCS2-PR simulation.

3.3 Vertical profiles of aerosol mass and number

The vertical profiles of the zonal and annual mean mass mix-
ing ratios for the BCS2 simulation are shown in Fig.10.
These mixing ratios are high near their surface sources and
decay with altitude, except for the sulfate production at high
altitudes in the upper troposphere/lower stratosphere region.
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Fig. 11. The annual and zonal mean vertical profiles of number concentration for all insoluble modes, and the internally mixed/soluble
coarse mode at standard temperature and pressure for the BCS2 simulation are shown on the left. The percent change relative to the CTL
simulation for BCS2 simulations is shown on the right.

In the BCS2 simulation, there is a noted decrease in the mass
of dust and sea salt in the middle and upper troposphere (up
to 50%) as compared to the CTL. This is expected as the
below-cloud scavenging is more vigorous in the BCS2 sim-
ulation. Again, while the percent change is large, the mag-
nitude of the sea salt and dust burden is small in these re-
gions of the troposphere. Nevertheless, dust acts as an ice
nuclei at these levels, and so concentration changes at these
altitudes are relevant. The sulfate and carbonaceous aerosol
mass is also reduced, particularly by the invigorated below-
cloud scavenging by snow. However, this reduction is only
up to 20% and is confined to below 5 km and poleward of
45◦ N and 45◦ S.

The vertical profiles of the aerosol number concentration
for all insoluble and the coarse aerosol modes are shown in
Fig. 11. The aerosols in the insoluble accumulation, and
coarse modes are less numerous by up to 50% in the BCS2
simulation as compared to the CTL simulation, particularly
at those latitudes most influenced by below-cloud scaveng-
ing by snow. Aerosols in the insoluble Aitken mode are less
changed between the two simulations. Aerosols in the in-

ternally mixed/soluble Aitken and accumulation modes were
changed by less than 10% between the BCS2 and CTL sim-
ulations, and so are not shown. These aerosols are more ef-
ficiently removed by in-cloud scavenging, and are less in-
fluenced by the below-cloud scavenging parameterizations.
Comparing the BCS1 and CTL simulations, the changes in
aerosol number were less than 10% for all aerosol modes,
and are not shown.

Aerosol number burdens are shown in Table11, the global
and annual mean changes are less than 10%. The insolu-
ble aerosols from all modes, and the internally mixed/soluble
aerosols of the accumulation and coarse modes are less nu-
merous in all BCS simulations as compared to the CTL sim-
ulation. Table12 shows that the global and annual mean
removal of soluble/internally mixed accumulation aerosol
number by below-cloud scavenging increases most in re-
sponse to invigorated below-cloud scavenging by snow,
with increases by near to one order of magnitude for the
BCS2 simulation compared to the CTL simulation. Inclu-
sion of thermophoretic effects (simulation BCS2-T) most
strongly influences the below-cloud scavenging of the Aitken
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Table 4. The simulations presented in this study are summarized in
this table.

Simulation Description

CTL Control simulation using prescribed rain and
snow below-cloud scavenging coefficients
from Table1

BCS1 Prescribed scavenging coefficients for rain
replaced by size-dependent rain scavenging

BCS2 Same as BCS1 but prescribed scaveng-
ing coefficients for snow replaced by size-
dependent snow scavenging

BCS2-M0.4 Same as BCS2 but assumes all raindrops are
0.4 mm

BCS2-M4.0 Same as BCS2 but assumes all raindrops are
4.0 mm

BCS2-PR Same as BCS2 but implements thePosselt
and Lohmann(2008) prognostic rain scheme

BCS2-CPF Same as BCS2 but revised convective precip-
itation fraction

BCS2-T Same as BCS2 but includes thermophoretic
effects

BCS2-ULOW Same as BCS2 but assumes zero collection of
ultra-fine particles with radius< 10 nm

BCS2-UHIGH Same as BCS2 but assumes ultra-fine parti-
cles with radius<10 nm are scavenged like
an irreversibly soluble gas

Table 5. The global and annual mean sulfate mass deposition rates
(Tg S yr−1) for the processes of below-cloud scavenging (BCS), in-
cloud scavenging (ICS), dry deposition, and sedimentation, and sul-
fate burdens (Tg S), and lifetimes (days) for the model simulations.
See Table4 for descriptions of the simulations. The annual emis-
sion and production of sulfate is about 73.5 Tg S yr−1.

Sulfate Deposition BCS ICS Dry Dep Sed Burden Lifetime

CTL 0.23 69.4 2.32 1.59 0.88 4.37
BCS1 7.02 63.0 2.12 1.35 0.85 4.24
BCS2 9.90 60.2 2.09 1.29 0.84 4.17
BCS2-M0.4 16.2 54.1 1.93 1.14 0.81 4.03
BCS2-M4.0 6.96 62.9 2.18 1.42 0.85 4.24
BCS2-PR 3.79 65.3 2.35 1.53 0.86 4.29
BCS2-CPF 9.99 60.1 2.08 1.28 0.84 4.17
BCS2-T 9.99 60.1 2.09 1.29 0.84 4.17
BCS2-ULOW 9.90 60.2 2.09 1.28 0.84 4.17
BCS2-UHIGH 9.90 60.2 2.08 1.29 0.84 4.17

size particles. This is expected since Aitken size aerosols lie
in the Greenfield scavenging gap, and thus are most sensitive
to thermophoretic effects. The global and annual mean num-
ber removal of Aitken size aerosols by below-cloud scaveng-
ing was increased by near to 10% for the BCS2-T simulation
compared to the BCS2 simulation. Table12 shows that the
enhanced ultra-fine scavenging in simulation BCS2-UHIGH
gives the highest below-cloud number removal of the nucle-
ation mode, but the number burden for this mode is slightly

Table 6. Global and annual mean black carbon mass deposi-
tion rates (Tg C yr−1) for the processes of below-cloud scavenging
(BCS), in-cloud scavenging (ICS), dry deposition, and sedimenta-
tion, and black carbon burdens (Tg C), and lifetimes (days) for the
model simulations. See Table4 for descriptions of the simulations.
The annual emission of black carbon is 7.7 Tg C yr−1.

BC Deposition BCS ICS Dry Dep Sed Burden Lifetime

CTL 0.01 7.01 0.72 0.027 0.120 5.69
BCS1 0.68 6.35 0.70 0.025 0.119 5.64
BCS2 0.98 6.06 0.70 0.024 0.118 5.59
BCS2-M0.4 1.68 5.37 0.69 0.023 0.114 5.54
BCS2-M4.0 0.70 6.33 0.71 0.025 0.120 5.69
BCS2-PR 0.39 6.63 0.72 0.026 0.116 5.50
BCS2-CPF 0.99 6.05 0.70 0.024 0.117 5.54
BCS2-T 0.99 6.05 0.70 0.024 0.117 5.54
BCS2-ULOW 0.98 6.06 0.70 0.024 0.118 5.59
BCS2-UHIGH 0.98 6.06 0.70 0.024 0.118 5.59

Table 7. Global and annual mean particulate organic matter mass
deposition rates (Tg yr−1) for the processes of below-cloud scav-
enging (BCS), in-cloud scavenging (ICS), dry deposition, and sed-
imentation, and particulate organic matter burdens (Tg), and life-
times (days) for the model simulations. See Table4 for descriptions
of the simulations. The annual emission of particulate organic mat-
ter is 66.1 Tg C yr−1.

POM Deposition BCS ICS Dry Dep Sed Burden Lifetime

CTL 0.08 60.0 5.91 0.21 1.05 5.78
BCS1 5.11 55.1 5.87 0.20 1.03 5.69
BCS2 6.58 53.6 5.86 0.20 1.02 5.64
BCS2-M0.4 12.6 47.7 5.80 0.19 0.99 5.48
BCS2-M4.0 4.42 55.7 5.89 0.20 1.03 5.69
BCS2-PR 2.02 58.1 5.98 0.20 1.01 5.56
BCS2-CPF 6.66 53.5 5.85 0.20 1.02 5.64
BCS2-T 6.66 53.5 5.85 0.19 1.02 5.64
BCS2-ULOW 6.58 53.6 5.86 0.20 1.02 5.64
BCS2-UHIGH 6.57 53.6 5.87 0.20 1.02 5.64

increased, by less than 1% relative to the CTL simulation (see
Table11). The nucleation mode number burden is dominated
by upper tropospheric concentrations (Stier et al., 2005) that
are not strongly influenced by scavenging by below-cloud
scavenging processes.

To better understand the increase in the global and annual
mean nucleation number burden, we present Fig.12. Fig-
ure 12 shows the vertical profile of the fractional change in
the zonal and annual mean nucleation mode number concen-
trations for the various simulations as compared to the CTL
simulation. In the lower troposphere, as below-cloud scav-
enging is more vigorous we find that zonal mean nucleation
mode number concentrations are increased by up to 30%.
This is expected since the more vigorous below-cloud scav-
enging will reduce the available condensation surfaces of the
accumulation and coarse modes, and new particle formation
will be enhanced, as opposed to sulfuric acid condensation
on available surfaces. The competing, but less dominant
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Fig. 12. The annual and zonal mean vertical profile of nucleation mode number concentration at standard temperature and pressure, and the
percent change relative to the CTL simulation for the simulations BCS2, BCS2-UHIGH, BCS2-ULOW, BCS2-T, BCS2-M0.4, BCS2-M4.0
and BCS1.

Table 8. Global and annual mean sea salt mass deposition rates
(Tg yr−1) for the processes of below-cloud scavenging (BCS), in-
cloud scavenging (ICS), dry deposition, and sedimentation, and sea
salt burdens (Tg), and lifetimes (days) for the model simulations.
See Table4 for descriptions of the simulations. The annual emission
of sea salt is about 5350 Tg yr−1.

SS Deposition BCS ICS Dry Dep Sed Burden Lifetime

CTL 153. 2440. 1220. 1600. 9.95 0.67
BCS1 1040. 2070. 987. 1310. 8.60 0.58
BCS2 1250. 1930. 950. 1270. 8.37 0.57
BCS2-M0.4 1870. 1670. 774. 1090. 7.27 0.49
BCS2-M4.0 755. 2140. 1080. 1430. 9.21 0.62
BCS2-PR 366 2200. 1190. 1610. 9.65 0.66
BCS2-CPF 1260. 1930. 949. 1270. 8.36 0.57
BCS2-T 1250. 1930. 950. 1270. 8.38 0.57
BCS2-LOW 1250. 1930. 950. 1270. 8.37 0.57
BCS2-HIGH 1250. 1930. 950. 1270. 8.37 0.57

factor is the higher nucleation mode below-cloud scaveng-
ing for the size-dependent simulations relative to the control,
which would reduce the nucleation mode number. The lower

Table 9. Global and annual mean dust mass deposition rates
(Tg yr−1) for the processes of below-cloud scavenging (BCS), in-
cloud scavenging (ICS), dry deposition, and sedimentation, and dust
burdens (Tg), and lifetimes (days) for the model simulations. See
Table4 for descriptions of the simulations. The annual emission of
dust is about 330 Tg yr−1.

DU Deposition BCS ICS Dry Dep Sed Burden Lifetime

CTL 12.7 169. 23.4 129. 3.78 4.15
BCS1 51.4 137. 21.6 124. 3.64 3.99
BCS2 78.2 113. 21.2 121. 3.52 3.86
BCS2-M0.4 101. 93.8 20.2 117. 3.39 3.72
BCS2-M4.0 60.6 123. 22.0 123. 3.62 3.97
BCS2-PR 39.2 143. 24.3 128. 3.65 4.00
BCS2-CPF 79.9 113. 21.1 121. 3.55 3.89
BCS2-T 79.2 113. 21.3 121. 3.54 3.88
BCS2-LOW 78.2 113. 21.2 121. 3.52 3.86
BCS2-HIGH 78.0 113. 21.3 121. 3.53 3.87

tropospheric nucleation mode number concentrations have
the greatest increase for the simulation BCS2-M0.4, which
had the strongest scavenging of the accumulation and coarse
modes. This is particularly evident over the southern oceans.
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Fig. 13. The annual and zonal mean precipitation, mean liquid water path (LWP), ice water path (IWP), cloud cover (CC), short wave cloud forcing (SCF), long wave cloud
forcing (LCF), vertically integrated cloud droplet number concentration (CDNC) and vertically integrated ice crystal number concentration (ICNC) for the BCS2 simulation and
observations. The sources of the observations are described in Table13. For precipitation, dashed line:stratiform, dotted line:convective. For LWP observations, solid black:Weng
and Grody(1994), dashed black:Greenwald et al.(1993). For LCF, solid black: ERBE, dashed black: TOVS data. The SCF is from ERBE data.

Table 10. Global and annual mean deposition rates (Tg yr−1) for
the processes of below-cloud scavenging by stratiform rain (Strat-
Rain), stratiform snow (Strat-Snow), convective rain (Conv-Rain)
and convective snow (Conv-Snow). The five aerosol species are
sulfate (SO4), black carbon (BC), particulate organic matter (POM),
dust (DU), and sea salt (SS). See Table4 for descriptions of the
simulations.

Strat-Rain Strat-Snow Conv-Rain Conv-Snow

SO4-CTL 0.20 0.03 0.002 <0.00001
SO4-BCS1 6.97 0.02 0.03 <0.00001
SO4-BCS2 6.97 2.93 0.03 0.001

SO4-BCS2-CPF 6.96 2.94 0.11 0.003

BC-CTL 0.006 0.005 <0.00001 <0.00001
BC-BCS1 0.68 0.004 0.003 <0.00001
BC-BCS2 0.68 0.30 0.003 0.00007

BC-BCS2-CPF 0.68 0.30 0.012 0.0002

POM-CTL 0.05 0.02 0.0006 <0.00001
POM-BCS1 5.1 0.02 0.03 <0.00001
POM-BCS2 5.1 1.4 0.03 0.0003

POM-BCS2-CPF 5.1 1.4 0.12 0.0007

DU-CTL 12.3 0.2 0.2 <0.00001
DU-BCS1 50.6 0.19 0.6 <0.00001
DU-BCS2 49.7 28.3 0.6 0.02

DU-BCS2-CPF 49.5 28.8 1.9 0.03

SS-CTL 151. 1.0 0.64 0.001
SS-BCS1 1040. 0.9 2.7 0.001
SS-BCS2 1020. 238. 2.7 0.9

SS-BCS2-CPF 1020. 238. 11.7 2.8

Table 11. Global and annual mean number burdens in 1010m−2

for the 7 aerosol modes for the model simulations. See Table4 for
descriptions of the simulations.

Number NS KS AS CS KI AI CI

CTL 18400 830. 74.4 0.46 8.58 0.032 0.068
BCS1 18430 830. 74.5 0.46 8.52 0.031 0.068
BCS2 18510 832. 74.3 0.45 8.48 0.031 0.066
BCS2-M0.4 18570 831. 74.3 0.43 8.39 0.031 0.066
BCS2-M4.0 18430 832. 74.5 0.45 8.53 0.031 0.067
BCS2-PR 18222 837. 74.8 0.46 8.20 0.031 0.066
BCS2-CPF 18470 832. 74.3 0.45 8.49 0.031 0.067
BCS2-T 18490 832. 74.5 0.45 8.49 0.031 0.066
BCS2-ULOW 18510 832. 74.3 0.45 8.48 0.031 0.066
BCS2-UHIGH 18440 831. 74.5 0.45 8.45 0.031 0.066

For the simulation BCS2-UHIGH, the invigorated scaveng-
ing of particles less than 10 nm has reduced the magnitude of
this effect over the southern oceans. Unfortunately, our sim-
ulations did not diagnose vertical profiles of new particle nu-
cleation rates. However, Fig.2 shows that the size-dependent
simulations use higher below-cloud scavenging coefficients
for the nucleation mode relative to the CTL simulation, ex-
cept for simulation BCS2-M4.0. Thus the increase in nu-
cleation mode number can not arise from lower nucleation
mode scavenging for the size-dependent scavenging simu-
lations, but rather enhanced particle formation in the lower
troposphere.
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Fig. 14. The percent change in convective and stratiform precipitation, liquid water path (LWP), ice water path (IWP), shortwave cloud
forcing (SCF), longwave cloud forcing (LCF), stratiform cloud cover, vertically integrated cloud droplet number concentration (CDNC), and
vertically integrated ice crystal number concentration (ICNC) relative to the CTL simulation for the BCS1 and BCS2 simulations.
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Atmos. Chem. Phys., 9, 4653–4675, 2009 www.atmos-chem-phys.net/9/4653/2009/



B. Croft et al.: Below-cloud scavenging in ECHAM5-HAM 4671

Fig. 16. The geographic distribution of the annual mean aerosol optical depth at 550 nm for the MODIS MISR AERONET composite
observations, and for the BCS2 simulation is shown on the left. On the right is the percent difference for the CTL and BCS2 simulations as
compared to the observations.

Table 12.Global and annual mean number removal by below-cloud
scavenging (103 m−2 s−1) for the 7 aerosol modes for the model
simulations. See Table4 for descriptions of the simulations.

Deposition NS KS AS CS KI AI CI

CTL 33.8 7.2 1.2 1.6 0.41 0.002 0.09
BCS1 193. 10.0 1.1 1.9 0.61 0.002 0.10
BCS2 572. 14.6 13.5 4.3 0.84 0.007 0.21
BCS2-M0.4 699. 14.8 13.0 6.5 0.80 0.007 0.20
BCS2-M4.0 574. 12.7 13.6 3.6 0.66 0.007 0.22
BCS2-PR 660. 13.8 13.4 2.8 0.73 0.006 0.22
BCS2-CPF 758. 15.7 13.6 4.3 0.89 0.007 0.22
BCS2-T 753. 15.7 13.7 4.3 0.88 0.007 0.21
BCS2-ULOW 575. 14.6 13.5 4.3 0.84 0.007 0.21
BCS2-UHIGH 2320. 135. 13.6 4.3 6.59 0.007 0.21

3.4 Impacts on cloud properties and precipitation

We have seen that changes in the below-cloud scavenging
parameterization can cause changes in the aerosol number
vertical profiles. These effects are greatest for the insolu-
ble aerosols, which do not act as cloud condensation nuclei
in our model, but can be ice nuclei. In this section we in-
vestigate if the changes in aerosol number cause any feed-
back on the cloud properties. In our framework of nudged
simulations, we will only see changes in the clouds that oc-
cur primarily in response to changes in the aerosol number.

Changes in the clouds in response to dynamical changes will
not be significant since the large-scale meteorological state
of the model is nudged to the observations. Additionally,
we must use caution in interpreting these feedbacks since the
nudging of the meteorological state of the model can reduce
the magnitude of the aerosol-cloud-precipitation feedbacks
themselves. Thus, this can not be a true feedback study and
should not be interpreted in a broad sense. In this section we
aim to investigate the extent that these aerosol-cloud feed-
backs did occur in the framework of our nudged simulations.

Figure 13 shows the annual and zonal mean liquid and
ice water paths, cloud cover, precipitation, cloud droplet and
ice crystal number concentrations and cloud forcing from
the BCS2 simulation and from observations. We can see
that there is a reasonable agreeable with observations. The
changes in these properties between the various simulations
are easier to appreciate in terms of the percent change rela-
tive to the CTL simulation, which is shown in Fig.14. For
the BCS1 and BCS2 simulations compared to the CTL simu-
lation, changes in the various cloud properties are 2% or less,
except for the ice crystal number concentration, which fluc-
tuates by up to 10%. Ice crystal number concentrations are
sensitive to the changes in insoluble aerosol concentrations,
which are influenced to a greater extent by the below-cloud
scavenging parameterizations. In the zonal band near 20◦ N,
there appears to be an invigoration of the convective precip-
itation of near to 2%. This contibutes to the increased wet
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Fig. 17. The observed annual mean sulfate deposition for 2001 (kg SO−2
4 ha−1 yr−1) from the National Atmospheric Deposition Program

(NADP) of the United States in comparison to the CTL and BCS2 simulations is on the top 2 panels. The observed annual mean sodium ion
deposition for 2001 (ka Na+ ha−1 yr−1) from the NADP in comparison to the CTL and BCS2 simulations is on the bottom 2 panels. Red
and green asterisks: Modelled precipitation over- and under-predicts observed precipitation, respectively, by a factor of two or greater, and
excluded from statistics.

Table 13. Global and annual mean liquid water path (LWP) (kg m−2), ice water path (IWP) (kg m−2), cloud cover (CC), precipitation,
cloud droplet number concentration (Nd ) (cm−3), and ice crystal number concentration (Ni ) (cm−3). LWP observations are from SSM/I
(Greenwald et al., 1993; Weng and Grody, 1994; Ferraro et al., 1996). IWP has been derived from ISCCP (Storelvmo et al., 2008). Total
cloud cover is from ISCCP (Rossow and Schiffer, 1999) and total precipitation is from the Global Precipitation DataSet. Observations of Nd

are from ISCCP (Han et al., 1998).

LWP IWP CC Precip Nd Ni AOD

OBS 49–84 62–67 2.64–2.7 4 0.15
MODIS/TOVS 94–109 65–67 0.18–0.19
CTL 66.7 9.42 61.7 2.88 2.56 0.199 0.161
BCS1 66.6 9.42 61.6 2.88 2.56 0.202 0.148
BCS2 66.7 9.43 61.6 2.88 2.58 0.204 0.143
BCS2-M0.4 66.7 9.44 61.6 2.88 2.59 0.206 0.129
BCS2-M4.0 66.8 9.43 61.7 2.88 2.57 0.202 0.151
BCS2-PR 49.8 9.29 61.6 2.87 2.17 0.180 0.151
BCS2-CPF 66.8 9.44 61.6 2.88 2.58 0.205 0.143
BCS2-T 66.7 9.44 61.6 2.88 2.57 0.204 0.143
BCS2-ULOW 66.7 9.43 61.6 2.88 2.58 0.204 0.143
BCS2-UHIGH 66.4 9.42 61.6 2.88 2.56 0.201 0.143
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deposition near these latitudes seen in Figs.5 and6. This
regionally increased precipitation is also shown on Fig.6.

Table13 shows the annual and global mean cloud liquid
and ice water paths, precipitation, cloud droplet, and ice crys-
tal number concentrations. Invigorated below-cloud scav-
enging by snow in the BCS2 simulations as compared to the
CTL simulations is associated with very small, (near 1%)
increases in the global and annual cloud droplet and ice crys-
tal number concentrations, and ice water path. This is as-
sociated with a small increase in the number of internally
mixed/soluble Aitken size aerosols as shown in Table11. In
the global mean, the longwave cloud forcing is slightly in-
creased, but the magnitude of this change on a global scale
is less than 1% and is not shown in the table. Thus, for
these nudged simulations we find that changes in the aerosol
number induced by different below-cloud scavenging param-
eterizations are not sufficient to alter the global mean cloud
properties by themselves alone without feedbacks on the me-
teorology. Nevertheless, though the large-scale cloud prop-
erties are not strongly affected by the modified below-cloud
scavenging for our simulations, there are smaller scale lo-
cal events, such as over Northern Africa, that due to model
non-linearities can increase and modify the climate system.
These small local changes in the hydrological cycle can ad-
ditionally impact on dust mobilization that is dependent on
recent occurrences of rainfall. These are factors that can not
be completely controlled between our simulations, but con-
tribute to differences in the aerosol wet deposition to a lim-
ited extent for our nudged simulations. While simulations
with fixed cloud droplet and ice crystal number concentra-
tions are possible, the climatology of the model deteriorates
with such simulations, which is not desirable for compar-
isons with observations, such as in the following section.

3.5 Comparison with AOD and deposition observation

Figure 15 shows the annual and zonal mean aerosol opti-
cal depth (AOD) at 550 nm from a composite of MODIS
(over oceans), MISR (over land), and AERONET observa-
tions (Kinne, 2009), and for the various simulations. The
invigorated below-cloud scavenging produces a reduction in
the AOD by near to 15%. This is also shown in the global
and annual mean in Table13. The change in AOD between
simulations is greatest in the southern hemisphere where the
AOD is dominated by sea salt, which has a mass burden that
is most strongly influenced by below-cloud scavenging. The
used version of the ECHAM5-HAM model has a bias to-
wards excessive sea salt AOD that is not fully corrected by
modifications to the below-cloud scavenging parameteriza-
tion. However, the implementation of size-dependent below-
cloud scavenging does reduce this bias. In the northern hemi-
sphere the simulations agree more closely with the observa-
tions. Figure16 shows the geographic distribution of the
AOD, and a comparison with the observational composite
dataset. In general, AOD is over-predicted over the oceans

and under-predicted over the land.Hoose et al.(2008) have
shown that this over-prediction, particularly over the south-
ern oceans can be corrected with improvements to the water
uptake on the aerosols. A new scheme for particle growth
due to ambient humidity will be available in subsequent ver-
sions of the ECHAM5-HAM and will address this issue.

Figure 17 compares the annual mean wet deposition of
sulfate and sodium ions from the National Atmospheric De-
position Program of the United States with the simulations
BCS2 and CTL. We assume that sea salt is the only source
for sodium ions. For sulfate and sodium ions, both simula-
tions give similar agreement with the observations. A sim-
ilar agreement with observations was also found for all the
remaining simulations that we conducted in this study (not
shown). However, a more physically detailed below-cloud
scavenging parameterization is desirable in global models,
and our results show that the implementation of such a pa-
rameterization gives very reasonable results.

4 Conclusions

This study has examined the impacts of below-cloud scav-
enging parameterizations for rain and snow on global and
annual mean vertical profiles of aerosol concentrations, and
the geographic distribution of aerosol burdens and wet de-
position. The aerosol species most sensitive to changes in
the below-cloud scavenging parameterizations was sea salt.
The global and annual mean sea salt burden was shown to
change by near to 15% depending on the parameterization
used. Sea salt and dust mass burdens were found to be sensi-
tive to the below-cloud scavenging coefficients used for the
coarse mode scavenging. These coarse mode coefficients
were shown to vary over several orders of magnitude depend-
ing on whether the rain drops are assumed to be unimodal
and 0.4 or 4.0 mm in diameter, or having an exponential dis-
tribution. Thermophoretic effects were shown to produce in-
creases in the global and annual mean below-cloud number
removal of Aitken size particles of near to 15%, but very
small increases (near 1%) in the global below-cloud mass
scavenging of carbonaceous and sulfate aerosols. Annual and
zonal mean nucleation mode number concentrations were en-
hanced by up to 30% in the lower troposphere for the more
vigorous size-dependent below-cloud scavenging since there
was a reduction in the available condensation surface from
the accumulation and coarse modes. Between the various
below-cloud scavenging parameterizations, the global mean
cloud properties did not change significantly since the inter-
nally mixed/soluble Aitken and accumulation mode number
concentrations were changed by less than 10%.

Future work should be directed towards improving our un-
derstanding of the below-cloud scavenging by snow, and de-
veloping more physically correct representations of this pro-
cess in global models. Changes to the parameterization of
the below-cloud scavenging by snow was found to change
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the insoluble accumulation and coarse aerosol number con-
centrations by up to 50% poleward of 45◦ N and 45◦ S. Ad-
ditionally, in this study we assumed that all of the snow was
the same size and shape, which does affect the below-cloud
scavenging efficiency and the impact of these factors on a
global scale requires further investigation. We also did not
implement a prognostic scheme for the treatment of snow-
fall in the model, which may be even more important than
prognostic rain since fall velocities for snow are generally
smaller than for rain. Ultimately, more physically based pa-
rameterizations of the below-cloud scavenging by both rain
and snow in global climate models will improve confidence
in our estimates of the direct and indirect radiative forcing of
aerosols.
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