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Abstract. Wet deposition processes are highly efficient mean aerosol mass or number burdens, despite a change in
in the removal of aerosols from the atmosphere, and thushe below-cloud number removal rate for nucleation mode
strongly influence global aerosol concentrations, and cloudsparticles by near to five-fold. Annual and zonal mean nu-
and their respective radiative forcings. In this study, phys-cleation mode number concentrations are enhanced by up to
ically detailed size-dependent below-cloud scavenging pa30% in the lower troposphere with the more vigourous size-
rameterizations for rain and snow are implemented in thedependent below-cloud scavenging. Closer agreement with
ECHAMS5-HAM global aerosol-climate model. Previously, different observations is found when the more physically de-
below-cloud scavenging by rain in the ECHAM5-HAM was tailed below-cloud scavenging parameterization is employed
simply a function of the aerosol mode, and then scaled byin the ECHAM5-HAM model.

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;y  |ntroduction

cloud scavenging coefficients, with reductions near to 15%

when the more vigorous size-dependent below-cloud scavAtmospheric aerosols significantly influence climate since
enging by rain and snow is implemented. The inclusion ofthey both reflect and absorb radiation (direct effects), and
a prognostic rain scheme significantly reduces the fractionamodify cloud properties (indirect radiative effectSpomey,
importance of below-cloud scavenging since there is higher1991 Charlson et a).1992. A general circulation model
evaporation in the lower troposphere, increasing the globalGCM) must correctly quantify the global 3-dimensional dis-
mean sea salt burden by almost 15%. Thermophoretic effectgibution of the various aerosol species in order to accurately
are shown to produce increases in the global and annual meastedict climate. Global aerosol distributions are strongly
number removal of Aitken size particles of near to 10%, butcontrolled by the rate of removal of aerosols from the at-
very small increases (near 1%) in the global mean below-mosphere by wet scavenging processassch et a).2000),

cloud mass scavenging of carbonaceous and sulfate aerosolnd these processes are represented with a great diversity
Changes in the assumptions about the below-cloud scavengetween modelsTextor et al, 2006. To date, the below-

ing by rain of particles with radius smaller than 10 nm do cloud scavenging coefficients in the ECHAM5-HAM model
not cause any significant changes to the global and annualave 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

Correspondence tdB. Croft can vary over one or two orders of magnitude within any
m (croft@mathstat.dal.ca) given size modeGreenfield 1957 Wang et al. 1978. This
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variability is due to a variety of physical processes, including2 Model description
an interplay of Brownian motion, and inertial impaction that
produces a scavenging minimum for aerosols neapMin ECHAMS is a fifth generation atmospheric general circula-
radius. tion model (GCM) developed at the Max-Planck Institute for
Previous modeling studies have implemented size-Meteorology Roeckner et al.2003, and evolved from the
dependent below-cloud scavenging parameterizations fomodel of the European Centre for Medium Range Weather
rain into regional and global model&¢ng et al. 1997, Tost Forecasting (ECMWF). The model solves prognostic equa-
et al, 2006 Henzing et al.2006. Tost et al (2006 assumed tions for vorticity, divergence, temperature and surface pres-
a mean raindrop size as opposed to introducing a raindrogure using spheric harmonics with triangular truncation. Wa-
size distribution. Observational studiesndronache2003 ter vapor, cloud liquid water and ice are transported using
Andronache et al2006 have shown that below-cloud scav- a semi-Lagrangian schemkif and Rood 1996. Prognos-
enging does depend on the aerosol and raindrop distributiortic equations for cloud water and ice folldwohmann et al.
In this study, we include both the aerosol and raindrop distri-(2007). The model includes the cirrus schemé@ircher and
butions in the parameterization of the below-cloud scavengiohmann(2002. Convective clouds, and transport are based
ing coefficients, and investigate the deposition budgets foron the mass-flux scheme @fedtke (1989 with modifica-
sulfate, black carbon, particulate organic matter, sea salt, antions followingNordeng(1994. The solar radiation scheme
dust, and the 3-dimensional distributions of these aerosols imas 6 spectral band€égnazzo et 312007 and the infrared
global simulations with the ECHAM5-HAM model. Since has 16 spectral bands{awer et al, 1997 Morcrette et al.
the ECHAM5-HAM model predicts the median radius of the 1998. The GCM is coupled to the Hamburg Aerosol Model
log-normal distribution for each of seven aerosol modes, thgHAM), which is described in detail irbtier et al.(2009.
detailed dependency of below-cloud scavenging on aerosol'he aerosols are represented by seven log-normal modes,
size can be included in the model. 4 internally mixed/soluble modes (nucleation (NS), Aitken
Below-cloud scavenging by snow is more difficult to rep- (KS), accumulation (AS), and coarse (CS)) and 3 insoluble
resent in models since more assumptions about the size amdodes (Aitken (K1), accumulation (Al),and coarse (Cl)). The
the shape of the crystals are required in order to estimatenedian radius for each mode is calculated from the aerosol
the collection efficiency of the snow. Previous global studiesmass and number distributions in each mode. Aerosol mass
have typically used fixed mean below-cloud scavenging co-and number are transferred between the modes by the pro-
efficients that are scaled by the snow fl®tiér et al, 2005 cesses of sulfuric acid condensation, and also coagulation
Tost et al, 2009. Gong et al.(1997) did apply an aerosol between aerosols. All results presented in this study are from
size-dependent below-cloud scavenging parameterization for one year simulation, following a three months spin-up pe-
snow following Slinn (1984 into a regional model for sea riod, and are nudged towards the meteorological conditions
salt. This study uses a similar parameterization, followingof the year 2001. The nudging approach, combined with
Slinn (1984 and Dick (1990 but extends the approach to aerosol-radiation de-coupling, was chosen in order to have
global simulations of five aerosol species. the same dust and sea salt emissions in all simulations. We
The goal of this study is to investigate the impacts of chose the year 2001 since that was a neutral year for the El
below-cloud scavenging parameterizations for both rain andNino Southern Oscillation. The natural emissions of sea salt,
snow on the vertical profiles of aerosol mass and numbedust, and DMS from the oceans are calculated on-line, based
in the framework of a global model. For this study, we on the meteorology of the model. Emissions for all other
use the term below-cloud scavenging since the aerosol imaerosol species are taken from the AEROCOM emission in-
paction scavenging by rain and snow is examined only belowentory, and are representative for the year 20Déntener
cloud base. We will consider the impacts of these parameet al, 200§. The aerosol emissions and the removal pro-
terizations on global aerosol deposition, burdens, concentracesses of in-cloud scavenging, sedimentation, and dry depo-
tions, and also on cloud properties, cloud radiative proper-sition are described in detail Btier et al.(2005.
ties, and precipitation. Section 2 provides an overview of the
ECHAM5-HAM model, and presents the collection efficien- 2.1 Below-cloud scavenging parameterizations
cies and below-cloud scavenging coefficients required for the
aerosol size-dependent below-cloud scavenging parameter2.1.1 Current below-cloud scavenging parameteriza-
zations. Section 3 presents the results and discussion, com- tion
paring the various aerosol size-dependent below-cloud scav-
enging parameterizations in terms of their impacts on aerosol'he below-cloud scavenging parameterization in the con-
wet deposition, burdens, vertical profiles of aerosol mass androl (CTL) simulation of the ECHAM5-HAM model follows
number concentrations, and clouds. Section 4 is the summar$tier et al.(2005. The below-cloud scavenging coefficients
and conclusions. 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 Tabli and for rain assume a fixed
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Table 1. Prescribed below-cloud scavenging coefficients? (m The collection efficiencies used in this study are compiled
1 " w-clou venging ot in a look-up table as a function of aerosol and collector drop
kg~") as a function of aerosol mode, for the four internally

mixed/soluble modes, nucleation (NS), Aitken (KS), accumulation Size from .th.e sources that are _OUtlln'ed in TabhleThe col-
(AS), coarse (CS), and the three insoluble modes, Aitken (KI), ac-lection efficiency due to Brownian diffusion followéoung

cumulation (Al), and coarse (Cl). (1993 and is
4rbDE
Rain Snow Eprownian= )
2 3 ! (rs + rb)2|voo,b — Voos|
NS 5x10~ 5x10™ . . . _ .
KS 1x10-4 5x10-3 where D is the diffusion coefficient for small particles and
AS 1x10-3 5x10-3 fa is the ventilation coefficient. The terminal velocities,
cs  1x10-! 5x10-3 Veo.p @andV  for the collector and aerosol particles, respec-
KI  1x10-4 5x10-3 tively, are dependent on particle size. For particles of radius,
Al 1x10-3 5x10-3 r<10um, the terminal velocity is
Cl  1x101 5x10°3 1.26)
Voo = (1+ =)V (6)

r

whereV; is the Stokes flow velocity ani, is the mean free

rain drop diameter of 4 mm, and a lognormal aerosol dlstn-path of air molecules. For particles of radius<6-500.m,

bution, following Fig. 20.15 irSeinfeld and Pandi€L998.

The tracer tendency due to below-cloud scavenging is v — N Npge @
_ACl- X _ o0 2047
__ amb cprecip, pr r s s . K . .
At Gy (R F" + R ) @) is the terminal velocity where, and p, are the dynamic

. ] o . ) viscosity and density of air, respectively, ank,. is the
WhereC;”lmb is the ambient mixing ratio of th&h tracer in Reynolds numberBeard and Pruppachet969. Finally for
the cloud-free airF” and F* are the fluxes of rain and snow, e case where>500.m, the terminal velocity is given by
respectively. fP®“P is the fraction of the grid box affected ¢ empirical a[;proach for deformed drops basedsomn
by precipitation.R; and R; are the below-cloud scavenging g4 Kinzer (1949, Garner and Lihou1965, and Beard
coefficients normalized by the precipitation flux for rain and (1976.
snow, respectively. The modified Hall table, which is referred to in Tal@lés
shown in Table3. These values are froMall (1980 except
for collector drop radiix30um new efficiencies were gen-
erated by averaging from the valueslim and Lee(1975,

The more physically detailed size-dependent below-cloud>chlamp et al(197§ andKlett and Davig(1973. The final

scavenging parameterization for rain used in all model sim-assumption is that all collisions result in collection. Thus, the

ulations except CTL does not assume a fixed collector drog-029ulation efficiency is assumed to be unity.
size, but instead assumes that the raindrops follow the distri- Examples of the collection efficiencies for certain collec-

2.1.2 New below-cloud scavenging parameterization for
rain

bution ofMarshall and Palmef1948, tor partner sizes are shown in Fig._ Aerosols with radii
less than about 0,4m are more efficiently collected due to
N(Dp) = n,exp(—AD)) (2)  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 @i,
A —41R021 3) as first presented b@reenfield1957), which is often called

the Greenfield gap. Aerosols in this size range are most read-
andn, is 8x10°m—3mm1, andD,, is the drop diameter in  ily swept around the falling drop. Equations to parameterize

where

mm, andR is the rainfall rate in mm hrl. these collection efficiencies do exi€lihn, 1984 Jung and
The below-cloud scavenging coefficients as a function ofLee 1998. These equations parameterize the collection effi-
aerosol sizer(,) are given by ciency due to the processes of Brownian diffusion, intercep-
~ tion, and inertial impaction. One advantage of our approach
Arp) = / nRﬁU,(R,,)E(R,,, r»)N(R,)dR, (4) is thgt the code can be readily mod|f|ed_ to introduce tables
0 that include the effects of thermophoresis, as has been done

following Slinn (1984; Pruppacher and Klef1998 andSe- in this study, or additionally turbulence or electric charge,
infeld and Pandi1998, whereE(R,,, r,) is the collection ~ and the approach can be more readily extended over a wider
efficiency as a function of the drop and aerosol rajj,and range of size of _coII|S|on partners, such as for in-cloud im-
rp, respectively, and/; (R ) is the drop’s terminal velocity. ~ Paction scavenging.
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Table 2. Collision efficiencies as a function of the radii of the bigger and smaller collision paripeaadrs, respectively.

rp (um) rs (um) collision efficiency

rp>300 rs>10 1.

300>r,>10 rg>10 modified tables froriall (1980 (see Table3) and grid square method with bilinear interpolation

rp>300 13>r;>0.2  values interpolated between Brownian diffusion Wahg et al (1978 data using logarithmic inter-
polation

300>rp>42 10>ry>0.2  values fronWang et al(1978, Fig. 4, curves 4-D and grid square method with bilinear interpolation

42>r,>10 10>r;>0.5 values interpolated between Brownian diffusion, modified Hall tableViadg et al. (1978 data
using grid square method with bilinear interpolation

42>rp>10 0.5>r;>0.2 Brownian diffusion

rp<10 10>r;>0.5 values interpolated between Brownian diffusion, modified Hall tableViadg et al. (1978 data
using logarithmic interpolation

rp<10 0.5>r¢>0.2 Brownian diffusion

all values ofr, ry<0.2 Brownian diffusion

Table 3. Collision efficiencies fronHall (1980 and modified for drop radik30um. The bigger and smaller collision partners gyand
rs, respectively.

rp (um) 300 200 150 100 70 60 50 40 30 20 10

s/Th

0.05 0.97 087 0.77 05 0.18 0.05 0.005 0.001 0.0001 0.0001 0.0001
0.10 1.0 096 093 079 056 0.43 0.40 0.07 0.002 0.0001 0.0001
0.15 1.0 0.98 097 091 0.80 0.64 0.60 0.28 0.02 0.005 0.0001
0.20 1.0 1.0 097 0.95 0.88 0.77 0.70 0.50 0.04 0.015 0.013
0.25 1.0 1.0 1.0 0.95 090 0.84 0.78 0.62 0.085 0.023 0.016
0.30 1.0 1.0 1.0 1.0 091 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 1.05 095 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 14 0.52 0.027 0.027

To obtain the mean below-cloud scavenging coefficients The resulting mass and number distribution scavenging
for the mass distributions as a function of aerosol mediancoefficients are shown in Fig.. These coefficients have a
diameterA,, (), a second integration over the aerosol size minimum for aerosol sizes near Quin due to the collection

distributionn(r,) is done, efficiency minimum. Scavenging coefficients are higher for
foo Al ) 3n(ry)dr higher rainfall rates. A look-up table of these scavenging
A (Fpm) = 0 — PP PR (8) coefficients as a function of aerosol size and rainfall flux is
Jo ran(rp)dry used in the model. These coefficients are applieR/ds" in
Similarly, the mean below-cloud scavenging coefficients Ed. (1).
for the number distributions are, Fi . .
e igure 2 shows how the assumption of an exponential
Ay rom) = Jo Alrpn(rp)dry ) raindrop distribution as opposed to assuming all the rain-
n{Tpm I nGrpdry drops are either 0.4 mm or 4.0 mm can give differences in the
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Collection Efficiency

Mean Scavenging Coefficient (s_l) - Mass (solid) and Number (dashed)

N 50 um
1075k ¥ 100 pm ]
— 200 um .
400 pum 10 ¢ Rain 0.01 mm hr™%[3
s 800 um Rain 0.1 mm hrt
10 F 1.0mm | . -1
. 40mm 100 Rain 1 mm hr -
—*— Snow-A Rain 10 mm hr
— — — Snow-B Rain 100 mm hr™t
10’7 P ETT! B ST B S S ATy E AT R 10’1:L il P PR PR
10° 107 100 10° 10 10° 102 10" 10° 10
Aerosol Radius (um) Geometric Mean Aerosol Radius (um)

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 coeffitjegts(&inction of aerosol

modal radius and rainfall rate are shown on right panel.

below-cloud scavenging coefficients of more than an ordemotion and inertial impaction dominate the collection, and
of magnitude. The differences in the scavenging coefficientsso the influence of relative humidity is less pronounced. This
assuming various exponential distributions for drizzle, thun-is particularly evident at lower rainfall rates.
derstorm and the standard Marshall-Palmer distribution, are Andronache et al2006 found that observed scavenging
not as great as the difference in the coefficients if all the rain-coefficients for ultrafine particles exceeded model calcula-
drops are assumed to be one size. The exponential raindrapons for below-cloud scavenging based on Brownian mo-
distributions generally give coefficients that are between thetion, interception, and typical phoretic and charge effects.
coefficients for unimodal 0.4 and 4.0 mm raindrops, exceptHere, we present two sensitivity studies for the below-cloud
for the scavenging of ultra-fine particles, which is greatestscavenging of particles with radius smaller than 10 nm, and
in the case of drizzle. The exponential distributions are frominvestigate the impact on global aerosol concentrations and
Joss and Waldvog€1969. The equations for the scavenging deposition. Figurel shows the scavenging coefficients for
coefficients assuming unimodal raindrops are giveBéin-  the extreme assumption that the collection efficiency is zero
feld and Pandi§1998. For mass scavenging of aerosols with for ultra-fine particles that are smaller than 10 nm in radius.
radii over 50 nm, all coefficients shown in Fjexceed those These coefficients are used in the sensitivity study BCS2-
used byStier et al.(2005 by up to 2 orders of magnitude. ULOW. As an additional sensitivity test, we assume that the
collection of particles smaller than 10 nm radius can be de-

Figure3 shows how these scavenging coefficients are in-gqripeq by the mass transfer coefficiekit, for the transfer
fluenced by lower relative humidity. Based on the collection ¢ gaseous molecule to a falling rain drdpe{nfeld and
efficiencies ofVang et al(1978, the mean mass and number p,qis 1998.

scavenging coefficients have been re-calculated. Decreasing

relative humidity increases scavenging in the Greenfield gap D, 2R, UN\Y? [ v \Y3

since the evaporating raindrops are cooler at the surface, anfic = m 2+06 <—> <D_g) (10)
this sets up a thermal gradient that induces motion of the

aerosols towards the cooler raindrop surface. Away from thavhere D, is the diffusivity coefficient for the gas in air
Greenfield gap, other physical processes such as Browniacn?s™1), v is the kinematic viscosity (cfnis™1), U, is the

www.atmos-chem-phys.net/9/4653/2009/ Atmos. Chem. Phys., 9, 4633-2009
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1

Fig. 2. Mean below-cloud scavenging coefficients for a precipitation rate of 1 mh lissuming 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 step
modal coefficients oStier et al.(2005 for rain and snow, respectively.

terminal velocity of the falling rain drop, anal, is the rain
drop radius. We assume that the particles behave as the géise snow crystalsRe is the Reynold’'s number anBle is the
water vapor. The mass transfer coefficients are used in placBeclet number. Followin@ick (1990, we assume that all
of U;(R,)E(Rp, rp) in Eq. (4), and the mean mass and num- snow crystals are 30g in mass and have a radius of 0.5mm
ber scavenging coefficients are found following Egs. (8) andand fall at a terminal velocity of 80 cnt8. The Reynold’s
(9). For aerosol particles near to 10 nm in radius, the meamumber is

mass and number scavenging coefficients are increased
near to two orders to magnitude for this assumption. Thes
coefficients are used in the sensitivity simulation BCS2-

UHIGH.

2.1.3 New below-cloud scavenging parameterization for

snow

of the ECHAMS5-HAM follows Eq. (1) and the value @t}
is fixed at 0.005 rikg~? for all aerosol modes. To make the massM,

below-cloud scavenging by snow depend on the aerosol size,
a size-dependent collection efficiency for snow is required.R*(r) =

Following Dick (1990 the collection efficiency is

mU;

6rrnR

+4Pe (1 + 0.4ReY0Pel/3)

(11)

wherem is the aerosol particle mass; is the terminal ve-
locity of the snow crystals; is the radius of the aerosol par- £ =

Atmos. Chem. Phys., 9, 4658675 2009

ticles, n is the absolute viscosity of aiR is the radius of

Pe

o, -

RU
Pa t (12)
n
wherep, is the air density. The Peclet number is
2RU;
= 13
5 (13)

where D is the aerosol diffusivity. Again followindick

) ) ~ (1990, the scavenging coefficient normalized by the precipi-
For the below-cloud scavenging by snow, the CTL simulationation flux is the collection efficiency multiplied by the cross-

sectional area of a snow crystal divided by the snow crystal

TR?
—F
M

(14)

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

(é)a + (1 —exp(— 1+ Rgi/z))g) n (m

St — Sk 2)3/2 (15)

3
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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 mrh.hr

whereSc is the Schmidt numbeRe is the Reynold’s number tude, particularly for the nucleation and coarse modes. The
and St is the Stokes number andis the aerosol size. The scavenging minimum is at a different radius and has a dif-

parametes, is given as ferent width for the two parameterizations. This is due to
differences in the assumptions about the morphology of the
12/10+ (1/12)in(1+ R
Sk = 710+ (1/12ind + Re) (16) snow particles, similar to that presentedMifler and Wang

1+in(1+ Re) (1997 and Feng(2009. This study has implemented the
where Re is the Reynold’s number. The parameterand  coefficients ofSlinn (1984. The parameterization of below-
2. depend on the type of snow crystals. For this study, thecloud scavenging by snow is difficult since there are many
crystals were assumed to be rimed crystals, anddhargdz. ~ assumptions to be made about the snow crystal properties.
were fixed at 10em and 2/3, respectively. Followinglinn While our assumptions are reasonable, there remains consid-
(1984, the scavenging coefficient as a function of aerosolerable uncertainty since the variability in the size and shape

sizer, and normalized by the snow fall rate is given by, of the snow crystals is neglected.
s YE(@) : - :
R (r) = o (17) All below-cloud scavenging parameterizations require a
m

representation of the precipitation fraction. The stratiform
where D,, is a characteristic length of 210 3cm for precipitating fraction is found starting from the top layer of
rimed particles angt is a fixed parameter of order unity (0.6). the model and descending the vertical column. The precipi-
Figurel shows the collection efficiencies for snow from both tation fraction is set to the cloud fraction in the first precip-
Dick (1990 (Snow-A) andSlinn (1984 (Snow-B). Figure? itating layer. Thereafter, the precipitating fraction remains
shows how these scavenging coefficients for snow compar¢ghe same in subsequent layers until the amount of precip-
to the fixed coefficient for a precipitation rate of 1 mnthr  itation formed in any layer exceeds the amount of precip-
which is shown as the horizontal green line. The conver-itation formed in the overlying layers. In the latter case,
sion from precipitation flux was made by assuming the snowthe precipitation fraction is set to the cloud fraction of that
density was 0.1 of the water density. These size dependenayer and so forth down the vertical column. The precip-
scavenging coefficients for snow are higher than the coeffiitation fraction is further adjusted if the cloud fraction ex-
cients used in the CTL simulation by a few orders of magni- 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 tha8 Results and discussion

from overlying layers. In this case, the new precipitation

fraction is the weighted sum of the precipitation fraction and3.1 Mass deposition budgets

precipitation generated from the over-lying layers, and the

cloud fraction and precipitation generated in the given layer.Table 4 summarizes the model simulations. Figuteand

In all simulations except BCS2-CPF, the convective precipi-6 show the geographic distribution of the annual mean mass

tation fraction in thekth model layer is, wet deposition of sulfate, black carbon (BC), particulate or-

ganic matter (POM), sea salt (SS) and dust (DU) for the sim-

M Fup (18) ulation BCS2, which has size-dependent below-cloud scav-

vup(k) pair(k) enging for both rain and snow. These figures also compare

WA i 130 Ut mass ) 1. rescre [ el Seposton etueen he BCS3 and CTL smultons

updraft velocity (2ms”), andpair is the air density. Since o G op 0o produce the greatest changes in the sea salt

below-cloud scavenging is parameterized to occur only in o " )
completely clear layers, this might under-estimate the scav?nd dust wet deposition. Wet deposition of these aerosols is

enging because Feony(k) is likely to be lower in cloud- increased close to source regions for the BCS2 simulation.

free layers than in cloudy layers. Thus, in the sensitiv-!-lenZIng €t al(2009 also showed that below-cloud scaveng-

ity simulation, BCS2-CPF, the convective precipitating frac- ing is an important sink for sea salt particles, near to 12% of
tion is found 'using a ma;(imum overlap assumption, and aglobal removal, and should be included in a size-resolved pa-

precipitation-based weighting of the precipitating fractions rameterizations, such as was also d_qnebylg etal(1997.
from overlying layers. That is In terms of mass, the wet deposition of the carbonaceous

aerosols and sulfate is shown to be least influenced by the

Zf:ktop P Feonv(k) + Piorm(k) below-cloud scavenging parameterization on a global scale,

—— (19)  but there are regional changes. Unlike sea salt and dust, wet
Zz=kt0p Prorm (k) deposition is not significantly increased at the major source

where Piorm is the precipitation formed in thigh layer. regions. However, in the zonal band neaf ROthere is in-
creased wet deposition. This latter feature is associated with

P Fconv(k) =

P Fignuk) =
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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-one and two orders of magnitude for the BCS2 simulation
cloud scavenging parameterizations and will be discusseds compared to the CTL simulation for the various aerosol
further in the following sub-sections. Additionally, there is species. The mass deposition budgets for sea salt and dust
reduced wet deposition of dust and carbonaceous aerosols #&re controlled by the scavenging of the coarse mode, whereas
the latitude band near 8&, which is indicative of reduced the sulfate, black carbon, and particulate organic matter
poleward transport of these aerosols in response to increasedass deposition budgets are dominated by the accumulation
wet deposition somewhat closer to their sources. To bettemode scavenging. Figui@shows that the CTL simulation
understand whether these changes in wet deposition are dusses much lower coefficients for accumulation and coarse
to the revised parameterizations, or due to differences in thenode mass scavenging than the other simulations with size-
precipitation rates, the change in total precipitation rates bedependent scavenging. As a result, this low mass removal in
tween the simulations BCS2 and CTL is shown in Fég. the CTL simulation is expected. Tabl&s9 show that the
Over the southern oceans, the precipitation is not changethass removal by below-cloud scavenging is highly sensitive
by more than 5%, and so increases to the sea salt depositido the assumptions about the raindrop distribution with differ-
here are primarly due to the new parameterizations. How-ences up to 60% between the BCS2, BCS2-M0.4 and BCS2-
ever, over regions of Northern Africa, and small, local re- M4.0 simulations. Assuming all the raindrops are 0.4 mm in
gions in the tropics, there are changes to the precipitatiorsize gives the highest removal of mass by below-cloud scav-
that do contribute to the differences in the wet deposition. enging. These effects occur for all aerosol species. Increases
in the mass removal by below-cloud scavenging are associ-
Tables5-9 present the annual and global mean mass deated with decreases in the mass removal by in-cloud scaveng-
position budgets for the various simulations. The annualing. This is expected since the greater aerosol removal below
and global mean mass removal by below-cloud scavengeioud base allows less aerosol to be available for transport

ing is shown to be highly sensitive to the choice of below- ypward to the altitudes where in-cloud scavenging occurs.
cloud scavenging coefficients, with an increase of between
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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 rdive precipitation fraction, as given in Eq. (19), can increase
duced in response to the lower aerosol concentrations. Fahe annual mean convective scavenging by 3—4 times, but
sea salt, the global and annual mean fraction of mass removahe contribution to total below-cloud scavenging is still only
by below-cloud scavenging for the simulation BCS2 (23%) near to 1%. We have used a relatively high and fixed ver-
is higher than that reported Byenzing et al(2006 (12%) tical velocity, and this contributes to relatively low convec-
using the global chemistry transport model TM4, and con-tive precipitation fractions, and low convective below-cloud
siderably higher than for the CTL simulation (3%). scavenging rates for this study. As convective parameteriza-
tions develop, and the representation of subgrid scale effects
Table 10 shows the relative contributions of both strati- re|ated to convective clouds is advanced, then improvements

form and convective rain and snow to the total mass removagan he made to the treatment of convective below-cloud scav-
by below-cloud scavenging for all 5 aerosol species. Strati-gnging.

form rain accounts for the majority of the below-cloud scav-

enging, near to 60% for dust and up to 80% for sea saltforthe3.2 Column mass burdens and lifetimes

simulation BCS2. Convective scavenging accounts for less

than 1% of the global below-cloud removal since convec-Figures7 and 8 show the geographic distribution of the
tive precipitation covers a much smaller fraction of the modelaerosol burdens for the BCS2 simulation, and a compar-
grid boxes as compared to the stratiform precipitation. Sim-ison between the CTL and BCS2 simulations. The sea
ulation BCS2-CPF shows that an alternative to the convecsalt 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-10%. Sea salt is most strongly influenced by the size-
aerosol burdens. Dust burdens are changed by less than 108gpendent below-cloud scavenging parameterizations since
near the major source regions, except for Eur-Asian dustthis aerosol species has a considerable fraction of total mass
This is expected since dust is often emitted in regions within the coarse mode, and the scavenging coefficients for this
low precipitation, and also may be lofted above levels wheremode are greatly enhanced, by one to two orders of mag-
below-cloud scavenging occurs. However, dust burdens areitude, as compared to the prescribed coefficientStadr
reduced poleward, and away from the major source regiongt al. (2005 (shown in Fig.2). Dust also has a considerable
by up to 30% in response to the invigorated below-cloudmass in the coarse mode, but the lifetime reduction is less,
scavenging in the simulation BCS2. One must remember that% as opposed to 15%, for sea salt between the BCS2 and
percent changes should be interpreted by keeping in mincCTL simulations. This occurs since dust tends to be emit-
that in some cases the magnitude of the burden and deposied in regions of lower precipitation, and is lofted above the
tion is small, such in this case for dust deposition away fromaltitudes of below-cloud scavenging while being aged to a
source regions. However, sea salt burdens are reduced 3oluble/mixed state, which can be scavenged by cloud nucle-
20-30% over the major ocean source regions in the BCSation processes. On the other hand, sea salt emissions are
simulation as compared to the CTL simulation. generally in regions of stratiform precipitation, and are more

susceptible to removal by below-cloud scavenging shortly

Tabless-9also present the annual and global mean aerosokfter emission. Figur® shows that for the BCS1 simula-

burdens and lifetimes. The global and annual mean sea saffon, which had invigorated below-cloud scavenging by rain
burden, and lifetime are reduced by 15-20% when the sizepnly, the dust and sea salt burdens are reduced by less com-
dependent scavenging parameterizations are implementeg@ared to the CTL simulation than for the BCS2 simulation.
The reductions for the other aerosol species are between
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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.
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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 45N and 45 S, the dust and sea salt mass in the tropics and mid-latitudes. These effects oc-
salt burdens are reduced by 10 to 20% or less in the BCStur since there is increased evaporation fluxes, particularly
simulation, as opposed to in excess of 20% for the BCS2in the lower troposphere in the BCS2-PR simulation at these
simulation. 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
e{ﬁ 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
ith high rainfall. Thus, the dust burden is less sensitive to
e enhanced evaporation in the lower tropical troposphere in
dthe BCS2-PR simulation.

Implementation of the prognostic stratiform rain scheme
of Posselt and Lohmanf2008 in simulation BCS2-PR has
the greatest impact on the annual and global mean sea s
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. Tab&shows that the sea salt bur-
den is increased as compared to the BCS2 simulation, an}%
is only about 3% lower than for the CTL simulation. Simi- t
lar to the other simulations with size-dependent below-clou
scavenging, the below-cloud scavenging is increased and the
in-cloud scavenging is reduced for the BCS2-PR simulation3.3 Vertical profiles of aerosol mass and number
relative to the CTL for all aerosol species, but the magni-
tude of these changes is reduced by near to 50%. Figure The vertical profiles of the zonal and annual mean mass mix-
shows the geographic distribution of the change in the seang ratios for the BCS2 simulation are shown in Fi.
salt and dust burdens in the BCS2-PR simulation relativeThese mixing ratios are high near their surface sources and
to the CTL simulation. In comparison to the BCS2 sim- decay with altitude, except for the sulfate production at high
ulation, shown in Fig8, there is less reduction in the sea 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 CT
simulation for BCS2 simulations is shown on the right.

In the BCS2 simulation, there is a noted decrease in the magernally mixed/soluble Aitken and accumulation modes were
of dust and sea salt in the middle and upper troposphere (uphanged by less than 10% between the BCS2 and CTL sim-
to 50%) as compared to the CTL. This is expected as thailations, and so are not shown. These aerosols are more ef-
below-cloud scavenging is more vigorous in the BCS2 sim-ficiently removed by in-cloud scavenging, and are less in-
ulation. Again, while the percent change is large, the magfluenced by the below-cloud scavenging parameterizations.
nitude of the sea salt and dust burden is small in these re€comparing the BCS1 and CTL simulations, the changes in
gions of the troposphere. Nevertheless, dust acts as an iaerosol number were less than 10% for all aerosol modes,
nuclei at these levels, and so concentration changes at thesed are not shown.

altitudes are relevant. The sulfate and carbonaceous aerosol

mass is also reduced, particularly by the invigorated below- Aerosol number burdens are shown in Tahlethe global
cloud scavenging by snow. However, this reduction is onlyand annual mean changes are less than 10%. The insolu-
up to 20% and is confined to below 5km and poleward of ble aerosols from all modes, and the internally mixed/soluble
45° N and 45 S. aerosols of the accumulation and coarse modes are less nu-

merous in all BCS simulations as compared to the CTL sim-
The vertical profiles of the aerosol number concentrationulation. Tablel2 shows that the global and annual mean

for all insoluble and the coarse aerosol modes are shown imemoval of soluble/internally mixed accumulation aerosol
Fig. 11. The aerosols in the insoluble accumulation, andnumber by below-cloud scavenging increases most in re-
coarse modes are less numerous by up to 50% in the BCS&ponse to invigorated below-cloud scavenging by snow,
simulation as compared to the CTL simulation, particularly with increases by near to one order of magnitude for the
at those latitudes most influenced by below-cloud scavengBCS2 simulation compared to the CTL simulation. Inclu-

ing by snow. Aerosols in the insoluble Aitken mode are lesssion of thermophoretic effects (simulation BCS2-T) most

changed between the two simulations. Aerosols in the in-strongly influences the below-cloud scavenging of the Aitken
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Table 4. The simulations presented in this study are summarized inTable 6. Global and annual mean black carbon mass deposi-

this table. tion rates (Tg Cyr1) for the processes of below-cloud scavenging
(BCS), in-cloud scavenging (ICS), dry deposition, and sedimenta-
Simulation Description tion, and black carbon burdens (Tg C), and lifetimes (days) for the
- - - - - model simulations. See Tabdefor descriptions of the simulations.
CTL Control simulation using prescribed rain and - g annual emission of black carbon is 7.7 Tg Cr
snow below-cloud scavenging coefficients
from Tablel — —
) . - . BCD t BCS ICS DryD Sed  Burd Lifet
BCS1 Prescribed scavenging coefficients for rain eposition yoep e urden Hretime
replaced by size-dependent rain scavenging CTL 0.01 701 072 0.027 0120  5.69
BCS2 Same as BCS1 but prescribed scaveng- Eggi g'gg 2'32 8';8 8'822 g'ﬁg g'gg
ing coefficients for snow_replaced by size- BCS2-M0.4 168 537 069 0.023 0114 554
dependent snow scavenging BCS2-M40 070 633 0.71 0025 0120 569
BCS2-M0.4 Same as BCS2 but assumes all raindrops are  BCS2-PR 039 6.63 0.72 0.026 0.116 550
0.4mm BCS2-CPF 0.99 6.05 0.70 0.024 0.117 554
) ; BCS2-T 0.99 6.05 0.70 0.024 0.117 554
BCS2-M4.0 4S§rr2i1as BCS2 but assumes all raindrops are BCS2-ULOW 098 606 070 0024 0118 589
. BCS2-UHIGH 0.98 6.06 0.70 0.024 0.118 559
BCS2-PR Same as BCS2 but implements Busselt
and Lohmanr{2008 prognostic rain scheme
BCS2-CPF Same as BCS2 but revised convective precip- . .
itation fraction Table 7. Global and annual mean particulate organic matter mass
BCS2-T Same as BCS2 but includes thermophoretic deposition rates (Tgyrt) for the processes of below-cloud scav-
effects enging (BCS), in-cloud scavenging (ICS), dry deposition, and sed-
BCS2-ULOW  Same as BCS2 but assumes zero collection of IMeNtation, and particulate organic matter burdens (Tg), and life-
ultra-fine particles with radius: 10 nm times (days) for the model simulations. See Tabler descriptions

BCS2-UHIGH Same as BCS2 but assumes ultra-fine parti- of the simulations. The annual emission of particulate organic mat-
i w1
cles with radius<10 nm are scavenged like teris 66.1TgCyr=.

an irreversibly soluble gas

POM Deposition BCS ICS DryDep Sed Burden Lifetime

CTL 0.08 60.0 591 021 1.05 5.78
- BCS1 511 551 5.87 0.20 1.03 5.69
Table 5. 'Il'he global and annual mean sulfate mass d_eposmon rr_:ltes BCS2 658 536 586 020 1.02 5.64
(Tg Syr ) for the processes of below-cloud scavenging (BCS), in- gcs2-M0.4 12.6 47.7 5.80 019 0.99 5.48
cloud scavenging (ICS), dry deposition, and sedimentation, and sul- BCS2-M4.0 442 557 589 0.20 1.03 5.69
fate burdens (Tg S), and lifetimes (days) for the model simulations. BCS2-PR 202 581 598 020 1.01 5.56
See Tablet for descriptions of the simulations. The annual emis- BCS2-CPF 666 535 585 020 1.02 564
sion and production of sulfate is about 73.5 Tg Sir BCSZT 6.66 535 58 0.19 1.02 >.64
P ~ 19 BCS2-ULOW 6.58 53.6 5.86 020 1.02 5.64
BCS2-UHIGH 657 53.6 5.87 020 1.02 5.64
Sulfate Deposition BCS ICS DryDep Sed Burden Lifetime
CTL 023 69.4 232 1.59 0.88 4.37
BCS1 7.02 630 212 1.35 0.85 4.24 . . . .
0
BCS2 990 602 209 129 084 417 increased, by less than 1% relative to the CTL simulation (see
BCS2-M0.4 162 541 1.93 1.14 081 4.03 Table11). The nucleation mode number burden is dominated
ng;-wm.o 2-92 662-2 2-;8 1-42 %22 4-;‘; by upper tropospheric concentratioi®iér et al, 2005 that
BCS2-PR 7 5. 35 15 . 4. ; ;
BCS2-CPF 099 601 208 128 084 417 are not _strongly influenced by scavenging by below-cloud
BCS2-T 9.99 60.1 2.09 129 0.84 4.17 scavenging processes.
BCS2-ULOW 9.90 602 2.09 128 o084 4.17 To better understand the increase in the global and annual
BCS2-UHIGH 9.90 602 2.08 1.29 0.84 417

mean nucleation number burden, we present ER). Fig-

ure 12 shows the vertical profile of the fractional change in
the zonal and annual mean nucleation mode number concen-
size particles. This is expected since Aitken size aerosols ligrations for the various simulations as compared to the CTL
in the Greenfield scavenging gap, and thus are most sensitiveimulation. In the lower troposphere, as below-cloud scav-
to thermophoretic effects. The global and annual mean numenging is more vigorous we find that zonal mean nucleation
ber removal of Aitken size aerosols by below-cloud scaveng-mode number concentrations are increased by up to 30%.
ing was increased by near to 10% for the BCS2-T simulationThis is expected since the more vigorous below-cloud scav-
compared to the BCS2 simulation. Tall2 shows that the enging will reduce the available condensation surfaces of the
enhanced ultra-fine scavenging in simulation BCS2-UHIGHaccumulation and coarse modes, and new particle formation
gives the highest below-cloud number removal of the nucle-will be enhanced, as opposed to sulfuric acid condensation
ation mode, but the number burden for this mode is slightlyon 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 rate3able 9. Global and annual mean dust mass deposition rates
(Tgyr—1) for the processes of below-cloud scavenging (BCS), in- (Tgyr—1) for the processes of below-cloud scavenging (BCS), in-
cloud scavenging (ICS), dry deposition, and sedimentation, and sealoud scavenging (ICS), dry deposition, and sedimentation, and dust
salt burdens (Tg), and lifetimes (days) for the model simulations.burdens (Tg), and lifetimes (days) for the model simulations. See
See Tablel for descriptions of the simulations. The annual emission Table4 for descriptions of the simulations. The annual emission of

of sea salt is about 5350 Tgv#. dust is about 330 Tg yrt.
SS Deposition BCS  ICS Dry Dep Sed Burden Lifetime DU Deposition BCS ICS DryDep Sed Burden Lifetime
CTL 153. 2440. 1220. 1600. 9.95 0.67 CTL 12.7 169. 234 129. 3.78 4.15
BCS1 1040. 2070. 987. 1310. 8.60 0.58 BCS1 51.4 137. 216 124. 3.64 3.99
BCS2 1250. 1930. 950. 1270. 8.37 0.57 BCS2 78.2 113. 21.2 121. 3.52 3.86
BCS2-M0.4 1870. 1670. 774. 1090. 7.27 0.49 BCS2-M0.4 101. 93.8 20.2 117. 3.39 3.72
BCS2-M4.0 755.  2140. 1080. 1430. 9.21 0.62 BCS2-M4.0 60.6 123. 22.0 123. 3.62 3.97
BCS2-PR 366 2200. 1190. 1610. 9.65 0.66 BCS2-PR 39.2 143. 243 128. 3.65 4.00
BCS2-CPF 1260. 1930. 949. 1270. 8.36 0.57 BCS2-CPF 79.9 113. 211 121. 3.55 3.89
BCS2-T 1250. 1930. 950. 1270. 8.38 0.57 BCS2-T 79.2 113. 213 121. 3.54 3.88
BCS2-LOW 1250. 1930. 950. 1270. 8.37 0.57 BCS2-LOW 78.2 113. 21.2 121. 3.52 3.86
BCS2-HIGH 1250. 1930. 950. 1270. 8.37 0.57 BCS2-HIGH 78.0 113. 213 121. 3.53 3.87

tropospheric nucleation mode number concentrations have
factor is the higher nucleation mode below-cloud scavengthe greatest increase for the simulation BCS2-M0.4, which
ing for the size-dependent simulations relative to the control had the strongest scavenging of the accumulation and coarse
which would reduce the nucleation mode number. The lowemodes. 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 inTBatfler precipitation, dashed line:stratiform, dotted line:convective. For LWP observations, solid\Mecg:

and Grody(1994, dashed blackGreenwald 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 (Tgiyrfor ~ Table 11. Global and annual mean number burdens k%162
the processes of below-cloud scavenging by stratiform rain (Stratfor the 7 aerosol modes for the model simulations. See Tafde
Rain), stratiform snow (Strat-Snow), convective rain (Conv-Rain) descriptions of the simulations.

and convective snow (Conv-Snow). The five aerosol species are

sulfate (SO4), black carbon (BC), particulate organic matter (POM), Number

NS KS AS CS KI Al Cl
dust (DU), and sea salt (SS). See Tabléor descriptions of the
simulations CTL 18400 830. 744 0.46 858 0.032 0.068
' BCS1 18430 830. 745 0.46 852 0031 0.068
, , BCS2 18510 832. 743 0.45 848 0.031 0.066
Strat-Rain  Strat-Snow  Conv-Rain  Conv-Snow BCS2-M0.4 18570 831. 743 043 839 0.031 0.066
SO4-CTL 0.20 0.03 0.002 <0.00001 BCS2-M4.0 18430 832. 745 045 853 0.031 0.067
S04-BCS1 6.97 0.02 0.03 <0.00001 BCS2-PR 18222 837. 748 0.46 820 0.031 0.066
S04-BCS2 6.97 2.93 0.03 0.001 BCS2-CPF 18470 832, 743 045 849 0.031 0.067
S04-BCS2-CPF 6.96 2.94 0.11 0.003 BCS2-T 18490 832. 745 045 849 0031 0.066
oo ows  ows oo ooy SCZULOW Ielo 2 Tis od sy oot 00os
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 For the simulation BCS2-UHIGH, the invigorated scaveng-
Egm:SSE; 21 O'loi 8'32 <°'08%%103 ing of particles less than 10 nm has reduced the magnitude of
POM-BCS2-CPF 5.1 1.4 0.12 0.0007 this effect over the southern oceans. Unfortunately, our sim-
DU-CTL 123 02 02  =0.00001 ulathns did not diagnose \{ertlcal profiles of new particle nu-
DU-BCS1 50.6 0.19 0.6 <0.00001 cleation rates. However, Fig.shows that the size-dependent
DU-BCS2 49.7 28.3 0.6 0.02 simulations use higher below-cloud scavenging coefficients
DU-BCS2-CPF 495 288 19 003 for the nucleation mode relative to the CTL simulation, ex-
SS-CTL 151. 1.0 0.64 0.001 cept for simulation BCS2-M4.0. Thus the increase in nu-
omes o o 2r 9% cleation mode number can not arise from lower nucleation
SS-BCS2-CPE 1020. 238. 11.7 28 Mmode 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
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vertically integrated ice crystal number concentration (ICNC) relative to the CTL simulation for the BCS1 and BCS2 simulations.
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Fig. 15. The annual and zonal mean aerosol optical depth at 550 nm from the CTL, BCS1, BCS2, BCS2-M0.4, BCS2-M4.0, and BCS2-PR
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simulations is shown in comparison to the composite of observations from MODIS, MISR and AERONET prepkneddi2009.
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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 Changes_, |n_t_he cIou_ds in response to dynamical chqnges will
scavenging (1dm—2s-1) for the 7 aerosol modes for the model MOt be significant since the large-scale meteorological state

simulations. See Tabkefor descriptions of the simulations. of the model is nudgeq to the _observations. Additi(_)nally,
we must use caution in interpreting these feedbacks since the
Deposition NS KS AS CS K Al al nudging of the meteorological state of the model can reduce
oTL 338 72 12 16 04l 0002 009 the magnitude of the. aerosol-cloud-precipitation feedbacks
BCS1 193. 100 11 19 061 0002 o010 themselves. T_hus, this can not be a true feedbgck stu_dy and
BCS2 572. 146 135 43 0.84 0007 021 should notbe interpreted in a broad sense. In this section we

BCS2-M0.4 699. 148 130 65 0.80 0.007 020 aim to investigate the extent that these aerosol-cloud feed-
BCS2-M40 574 127 136 3.6 0.66 0007 022  phacks did occur in the framework of our nudged simulations.

BCS2-PR 660. 13.8 134 28 073 0.006 0.22
BCS2-CPF 758. 157 136 43 0.89 0.007 0.22 Figure 13 shows the annual and zonal mean liquid and
BCS2-T 753. 157 137 43 0.88 0.007 021

BeoULOW 575 146 135 43 084 0007 021 !ce water paths, cloud cover, pr.ecipitation, cloud drc_JpIet and
BOS2-UHIGH 2320, 135, 136 43 659 0007 021 i€ crystal n.umbe'r concentrations and gloud 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
3.4 Impacts on cloud properties and precipitation are easier to appreciate in terms of the percent change rela-
tive to the CTL simulation, which is shown in Fig4. For

We have seen that changes in the below-cloud scavenginthe BCS1 and BCS2 simulations compared to the CTL simu-
parameterization can cause changes in the aerosol nhumbétion, changes in the various cloud properties are 2% or less,
vertical profiles. These effects are greatest for the insolu-except for the ice crystal number concentration, which fluc-
ble aerosols, which do not act as cloud condensation nucleiuates by up to 10%. Ice crystal number concentrations are
in our model, but can be ice nuclei. In this section we in- sensitive to the changes in insoluble aerosol concentrations,
vestigate if the changes in aerosol number cause any feedvhich are influenced to a greater extent by the below-cloud
back on the cloud properties. In our framework of nudgedscavenging parameterizations. In the zonal band neax 20
simulations, we will only see changes in the clouds that oc-there appears to be an invigoration of the convective precip-
cur primarily in response to changes in the aerosol numberitation of near to 2%. This contibutes to the increased wet

www.atmos-chem-phys.net/9/4653/2009/ Atmos. Chem. Phys., 9, 46332009
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Fig. 17. The observed annual mean sulfate deposition for 2001 (l@zm‘lyr—l) 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 N*aha‘lyr_l) 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) (kg4) ice water path (IWP) (kg m?), cloud cover (CC), precipitation,
cloud droplet number concentrationﬁg)\l(cm*?’), and ice crystal number concentratioryxl‘ﬂcm*3). LWP observations are from SSM/I
(Greenwald et a).1993 Weng and Grody1994 Ferraro et al.1996. IWP has been derived from ISCCBtérelvmo et al.2008. Total

cloud cover is from ISCCPARossow and Schiffed 999 and total precipitation is from the Global Precipitation DataSet. Observationg of N
are from ISCCPHKan et al, 1998.

LWP  IWP CC Precip Iy N; 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 9.42 617 288 256 0.199 0.161
BCS1 66.6 9.42 616 288 256 0.202 0.148
BCS2 66.7 9.43 616 288 258 0.204 0.143
BCS2-M0.4 66.7 9.44 616 288 259 0.206 0.129
BCS2-M4.0 66.8 9.43 617 2.88 257 0.202 0.151
BCS2-PR 49.8 929 616 287 2.17 0.180 0.151
BCS2-CPF 66.8 9.44 616 288 2.58 0.205 0.143
BCS2-T 66.7 9.44 616  2.88 257 0.204 0.143
BCS2-ULOW  66.7 943 616 288 258 0.204 0.143
BCS2-UHIGH  66.4 9.42 616 288 256 0.201 0.143
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deposition near these latitudes seen in Figand 6. This and under-predicted over the landoose et al(2008 have
regionally increased precipitation is also shown on Big. shown that this over-prediction, particularly over the south-
Table 13 shows the annual and global mean cloud liquid ern oceans can be corrected with improvements to the water
and ice water paths, precipitation, cloud droplet, and ice crysuptake on the aerosols. A new scheme for particle growth
tal number concentrations. Invigorated below-cloud scav-due to ambient humidity will be available in subsequent ver-
enging by snow in the BCS2 simulations as compared to thesions of the ECHAM5-HAM and will address this issue.
CTL simulations is associated with very small, (near 1%) Figure 17 compares the annual mean wet deposition of
increases in the global and annual cloud droplet and ice cryssulfate and sodium ions from the National Atmospheric De-
tal number concentrations, and ice water path. This is asposition Program of the United States with the simulations
sociated with a small increase in the number of internallyBCS2 and CTL. We assume that sea salt is the only source
mixed/soluble Aitken size aerosols as shown in Tdlleln for sodium ions. For sulfate and sodium ions, both simula-
the global mean, the longwave cloud forcing is slightly in- tions give similar agreement with the observations. A sim-
creased, but the magnitude of this change on a global scaldar agreement with observations was also found for all the
is less than 1% and is not shown in the table. Thus, forremaining simulations that we conducted in this study (not
these nudged simulations we find that changes in the aerosshown). However, a more physically detailed below-cloud
number induced by different below-cloud scavenging param-scavenging parameterization is desirable in global models,
eterizations are not sufficient to alter the global mean cloudand our results show that the implementation of such a pa-
properties by themselves alone without feedbacks on the merameterization gives very reasonable results.
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 lo4 Conclusions
cal events, such as over Northern Africa, that due to model
non-linearities can increase and modify the climate systemThis study has examined the impacts of below-cloud scav-
These small local changes in the hydrological cycle can adenging parameterizations for rain and snow on global and
ditionally impact on dust mobilization that is dependent on annual mean vertical profiles of aerosol concentrations, and
recent occurrences of rainfall. These are factors that can nghe geographic distribution of aerosol burdens and wet de-
be completely controlled between our simulations, but con-position. The aerosol species most sensitive to changes in
tribute to differences in the aerosol wet deposition to a lim-the below-cloud scavenging parameterizations was sea salt.
ited extent for our nudged simulations. While simulations The global and annual mean sea salt burden was shown to
with fixed cloud droplet and ice crystal number concentra-change by near to 15% depending on the parameterization
tions are possible, the climatology of the model deteriorategised. Sea salt and dust mass burdens were found to be sensi-
with such simulations, which is not desirable for compar- tive to the below-cloud scavenging coefficients used for the
isons with observations, such as in the following section. ~ coarse mode scavenging. These coarse mode coefficients
were shown to vary over several orders of magnitude depend-
3.5 Comparison with AOD and deposition observation 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-
Figure 15 shows the annual and zonal mean aerosol opti-tribution. Thermophoretic effects were shown to produce in-
cal depth (AOD) at 550 nm from a composite of MODIS creases in the global and annual mean below-cloud number
(over oceans), MISR (over land), and AERONET observa-removal of Aitken size particles of near to 15%, but very
tions Kinne, 2009, and for the various simulations. The small increases (near 1%) in the global below-cloud mass
invigorated below-cloud scavenging produces a reduction irscavenging of carbonaceous and sulfate aerosols. Annual and
the AOD by near to 15%. This is also shown in the global zonal mean nucleation mode number concentrations were en-
and annual mean in Table8. The change in AOD between hanced by up to 30% in the lower troposphere for the more
simulations is greatest in the southern hemisphere where theéigorous size-dependent below-cloud scavenging since there
AOD is dominated by sea salt, which has a mass burden thavas a reduction in the available condensation surface from
is most strongly influenced by below-cloud scavenging. Thethe accumulation and coarse modes. Between the various
used version of the ECHAM5-HAM model has a bias to- below-cloud scavenging parameterizations, the global mean
wards excessive sea salt AOD that is not fully corrected bycloud properties did not change significantly since the inter-
modifications to the below-cloud scavenging parameteriza-nally mixed/soluble Aitken and accumulation mode number
tion. However, the implementation of size-dependent below-concentrations were changed by less than 10%.
cloud scavenging does reduce this bias. In the northern hemi- Future work should be directed towards improving our un-
sphere the simulations agree more closely with the observaderstanding of the below-cloud scavenging by snow, and de-
tions. Figurel6 shows the geographic distribution of the veloping more physically correct representations of this pro-
AOD, and a comparison with the observational compositecess in global models. Changes to the parameterization of
dataset. In general, AOD is over-predicted over the oceanshe below-cloud scavenging by snow was found to change
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the insoluble accumulation and coarse aerosol number corFeng, J.: A size-resolved model for below-cloud scavenging
centrations by up to 50% poleward of48 and 45 S. Ad- of aerosols by snowfall, J. Geophys. Res., 114, D08203,
ditionally, in this study we assumed that all of the snow was d0i:10.1029/2008JD011012, 2009. _ _

the same size and shape, which does affect the below-clouieraro, R., Weng, F., Grody, N., and Basist, A. An Eight Year
scavenging efficiency and the impact of these factors on a (51987_1994) T'g‘g Sgrlesb of Rg';‘fa"’sg';\;’/ﬁ/sl’ Water Vapo%
global scale requires further investigation. We also did not =MW COVer, and sea-ice berivedirom easurements, B.
: . Am. Meteorol. Soc., 77, 891-905, 1996.

implement a prognostic scheme for the treatment of snow-

. . . Garner, F. H. and Lihou, D. A.. DECHEMA Monographien, 55,
fall in the model, which may be even more important than 15 1965

prognostic rain since fall velocities for snow are generally Gong, S. L., Barrie, L. A., and Blanchet, J.-P.: Modeling sea-salt

smaller than for rain. Ultimately, more physically based pa- aerosols in the atmosphere: 1. Model development, J. Geophys.

rameterizations of the below-cloud scavenging by both rain Res., 102, 3805-3818, 1997.

and snow in global climate models will improve confidence Greenfield, S.: Rain scavenging of radioactive particulate matter

in our estimates of the direct and indirect radiative forcing of  from the atmosphere., J. Meteor., 14, 115-125, 1957.

aerosols. Greenwald, T. J., Stephens, G. L., Haar, T. H. V., and Jackson, D. L.:
A Physical Retrieval of CLoud Liquid Water Over the Global
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