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Abstract

A diagnostic nucleation scavenging scheme, which determines stratiform cloud scav-
enging ratios for both aerosol mass and number distributions, based on cloud droplet,
and ice crystal number concentrations, is introduced into the ECHAM5-HAM global
climate model. This is coupled with a size-dependent in-cloud impaction scavenging
parameterization for both cloud droplet-aerosol, and ice crystal-aerosol collisions. Sen-
sitivity studies are presented, which compare aerosol concentrations, and deposition
between a variety of in-cloud scavenging approaches, including prescribed fractions,
several diagnostic schemes, and a prognostic aerosol cloud processing treatment that
passes aerosol in-droplet and in-ice crystal concentrations between model time steps.
For one sensitivity study, assuming 100% of the in-cloud aerosol is scavenged into the
cloud droplets and ice crystals, the annual global mean accumulation mode number
burden is decreased by 65%, relative to a simulation with prognostic aerosol cloud
processing. Diagnosing separate nucleation scavenging ratios for aerosol number and
mass distributions, as opposed to equating the aerosol mass scavenging to the number
scavenging ratios, reduces the annual global mean sulfate burden by near to 10%. The
annual global mean sea salt burden is 30% lower for the diagnostic approach, which
does not carry aerosol in-droplet and in-crystal concentrations between model time-
steps as compared to the prognostic scheme. Implementation of in-cloud impaction
scavenging reduced the annual, global mean black carbon burden by 30% for the prog-
nostic aerosol cloud processing scheme. Better agreement with observations of black
carbon profiles from aircraft (changes near to one order of magnitude for mixed phase
clouds), 219pp surface layer concentrations and wet deposition, and the geographic
distribution of aerosol optical depth are found for the new diagnostic scavenging as
compared to prescribed ratio scavenging scheme of the standard ECHAM5-HAM.
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1 Introduction

Atmospheric aerosols significantly influence climate since they both reflect and ab-
sorb radiation (direct effects), and modify cloud properties (indirect radiative effects)
(Twomey, 1991; Charlson et al., 1992). Aerosols enter cloud droplets, or ice crystals
when they act as cloud condensation, or ice nuclei, and also by the process of im-
paction with the cloud droplets or ice crystals (Pruppacher and Klett, 1997). A fraction
of these droplets and crystals will then grow into precipitation particles that are removed
from the atmosphere. Global climate models (GCMs) must accurately represent these
processes that incorporate aerosols into cloud droplets and ice crystals in order to pre-
dict reasonable three-dimensional aerosol distributions, and deposition. Differences in
aerosol prediction between global models have been attributed in part to differences in
the representation of these removal processes (Textor et al., 2006).

Global models commonly use prescribed fractions to represent the in-cloud scav-
enging of aerosols, or simply assume that 100% of the aerosol in a cloud is scavenged
into the cloud droplets and ice crystals (e.g., Barth et al., 2000; Chin et al., 2000;
Takemura et al., 2002; Tie et al., 2005). A lesser number of models use diagnostic
in-cloud scavenging schemes, which diagnose the total aerosol scavenged fraction at
each model time-step based on selected parameters related to cloud droplet and ice
crystal nucleation, such as the supersaturation, updraft speed, and aerosol size and
composition (e.g., Adams and Seinfeld, 2002; Gong et al., 2003). Prognostic aerosol
cloud processing schemes have also been recently developed, which pass aerosol
in-droplet, and in-crystal aerosol concentrations between model time-steps, unlike di-
agnostic schemes (e.g., Ghan and Easter, 2006; Hoose et al., 2008a,b).

The standard ECHAM5-HAM model represents five aerosol species using a super-
position of seven log-normal modes, and in-cloud scavenging ratios are prescribed as
a function of aerosol mode, and cloud temperature and type (Stier et al., 2005). In
this study, we introduce a new diagnostic in-cloud nucleation scavenging parameter-
ization that is coupled with a size-dependent in-cloud impaction scavenging scheme,
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for warm, mixed, and ice phase clouds. By the term diagnostic, we mean that the total
aerosol fraction scavenged into the cloud droplets and ice crystals is diagnosed at each
model time-step, and unlike in a prognostic scavenging scheme, aerosol in-droplet and
in-crystal concentrations are not passed between model time-steps. For our parame-
terization, the aerosol mass and number distributions are scavenged by separate nu-
cleation scavenging ratios. Ghan and Easter (2006) showed that a diagnostic scheme
under-predicted global mean aerosol number burdens by 20% as compared to a prog-
nostic representation of the in-droplet aerosols. However, that study did not explore the
bias of using prescribed scavenging fractions, and did not examine sensitivities related
to the scavenging of aerosols by ice crystals. Using the ECHAM5-HAM model, this
study compares three fundamental in-cloud scavenging approaches, prescribed frac-
tions, diagnostic in-cloud scavenging dependent on the number of cloud droplets and
ice crystals, and the prognostic treatment of in-droplet and in-crystal aerosols.

The representation of in-cloud impaction scavenging varies considerably between
global models. Many models do not treat this process explicitly, but include the process
implicitly in the prescribed scavenging ratios. Gong et al. (2003) used a parameterized
equation as a function of the mean cloud droplet and aerosol radii, and cloud droplet
number concentration. Hoose et al. (2008a,b) used prescribed collection kernels for
each aerosol mode of ECHAM5-HAM. Recently, Baumgardner et al. (2008) have sug-
gested that for black carbon, scavenging by ice crystals is dominated by impaction
as opposed to nucleation processes. In this study, we compare the prescribed kernel
approach of Hoose et al. (2008a,b) with a physically detailed size-dependent cloud
droplet-aerosol, and ice crystal-aerosol impaction scavenging parameterization. Our
parameterization selects mean mass and number impaction scavenging coefficients
from a look-up table as a function of mean cloud droplet radius assuming a gamma
distribution, median radius of the lognormal aerosol mass or number distribution, and
cloud droplet number concentration. This is coupled with an ice-crystal-aerosol in-
cloud impaction scavenging parameterization that depends on the monodisperse ice
crystal radius, ice crystal number concentration, and the median aerosol radius of the
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mass and number distributions. The global contribution of impaction scavenging to to-
tal deposition is quantified for the five aerosol species: sulfate, black carbon, particulate
organic matter, sea salt and dust.

The next section gives a description of the ECHAM5 GCM, coupled to the aerosol
scheme HAM, and includes the details of the various in-cloud scavenging parameter-
izations. Section 3 summarizes the impacts of the in-cloud scavenging parameteriza-
tions on the global aerosol three-dimensional distributions and removal rates. Section 4
presents a comparison with observations of aerosol wet deposition, vertical profiles of
black carbon concentrations, marine boundary layer size distributions, and aerosol op-
tical depth. This also includes a sub-section on the global modeling of "Be and 2'°Pb,
which are useful as passive tracers to examine in-cloud scavenging parameterizations.
Section 5 gives a summary and conclusions.

2 Model description

ECHAMS is the fifth generation atmospheric general circulation model (GCM) devel-
oped 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 equations for vorticity, divergence, temper-
ature and surface pressure using spheric harmonics with triangular truncation. Water
vapor, cloud liquid and ice water are transported using a semi-Lagrangian scheme
(Lin and Rood, 1996). Additionally, for this study we have implemented the prognostic
equations for cloud liquid and ice water, mass and number following Lohmann et al.
(2007), and the cirrus scheme of Lohmann and Karcher (2002). Convective clouds,
and transport are based on the mass-flux scheme of Tiedtke (1989) with modifications
following Nordeng (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 in Stier et al. (2005). The aerosols are represented by seven log-
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normal modes, 4 internally mixed/soluble modes (nucleation (NS), Aitken (KS), accu-
mulation (AS), and coarse (CS)), and 3 insoluble modes (Aitken (Kl), accumulation
(Al),and coarse (Cl)). The count median radius for each mode is calculated from the
aerosol mass and number concentrations of each mode, which are allowed to vary
independently, and with a fixed standard deviation for each mode. Aerosol mass and
number are transferred between the modes by the processes of sulfuric acid conden-
sation, and also coagulation between aerosols. All results presented in this study are
from a one year simulation, following a three months spin-up period, except 6 months
spin-up period for simulations with 2'°Pb and “Be. All simulations 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. Emis-
sions for all other aerosol species are taken from the AEROCOM emission inventory,
and are representative for the year 2000 (Dentener et al., 2006b). The aerosol emis-
sions and the removal processes of sedimentation, and dry deposition are described in
detail in Stier et al. (2005). Additionally, the below-cloud scavenging parameterization
of Croft et al. (2009) has been implemented for this study.

2.1 In-cloud aerosol scavenging parameterizations
2.1.1 Current in-cloud scavenging

In the standard ECHAM5-HAM model, in-cloud scavenging ratios are prescribed for
each of the seven log-normal modes. These ratios depend on the cloud temperature,
distinguishing between warm, mixed and ice clouds, and also depend on the cloud
type, either stratiform or convective. The cloud scavenging ratios are presented in
Table 1. The control (CTL) simulation is conducted with these prescribed ratios of the
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standard ECHAM5-HAM model. The rate of change of tracer / is
AC,- flququ ficeOice

At Cqu ¥ Cice >

where R; is the prescribed in-cloud scavenging ratio, C; is the mixing ratio of tracer /,
% is the cloud fraction, Cjiq and Cic, are the cloud liquid and ice water mixing ratios,
respectively, Q"9 and Q'°® are the respective sums of the conversion rates of cloud liquid
and ice to precipitation by the processes of autoconversion, accretion and aggregation,
and "9 and 7' are the respective liquid and ice fraction of the cloud water, and At is

the time-step. Each prescribed in-cloud scavenging ratio combines both nucleation
and impaction scavenging in the current model.

= R,CiT( (1)

2.1.2 New diagnostic in-cloud nucleation scavenging

For the new nucleation scavenging parameterization, the scavenging ratios for strati-
form clouds are diagnosed from the cloud droplet number concentration (CDNC), and
the ice crystal number concentration (ICNC). The convective in-cloud scavenging for
all simulations uses the prescribed ratios given in Table 1, and described in detail in
Stier et al. (2005). For stratiform clouds, both the CDNC and ICNC are prognostic vari-
ables in the used version of the ECHAM5-HAM model, and the cloud microphysics is
described in detail in Lohmann et al. (2007). In our model version, and for all simula-
tions presented in this study, the activation of aerosol particles to form cloud droplets is
parameterized using the Ghan et al. (1993) scheme. The number of activated aerosols
Nact,Ghan IS given by

@N 35nm
N = > 2
act,Ghan @ +:3N>35nm ( )
and
®=@+07VTKE. (3)
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® is the updraft velocity, @ is the large-scale vertical velocity, TKE is the turbulent
kinetic energy, 8 is 0.0034cm?*s™", and N, 35m is the total number of soluble/internally
mixed aerosols with radius >35nm.

For the new diagnostic nucleation scavenging scheme the total number of aerosols
to be scavenged into the cloud droplets and ice crystals at each time-step is the sum
of the CDNC and ICNC. This total must apportioned between each of the four solu-
ble/internally mixed modes. For clouds with temperatures >238.15K, the apportioning
is done following,

N/'>35 nm

N ¢cay = (CDNC + ICNC) - (4)

>35nm
where N; o5, is the total number of aerosols to be scavenged from the jth mode, for
Jj=NS, K8, AS, CS. N,,35nm is the aerosol number for the jth mode having radius
greater than 35nm, and N, 5, is the number of aerosols having radius greater than
35 nm summed over all the soluble/internally mixed modes. Thus, if tracer / is a solu-
ble/internally mixed number mixing ratio, we have the following nucleation scavenging
fraction,

_ Nj,scav (5)
inuc = T an; -
N;

R

where N; is the total number of aerosols in the jth mode. The insoluble modes are
assumed to have nucleation scavenging ratios of zero, but the impaction scavenging
ratio might not be zero.

For this diagnostic scavenging scheme, for any given aerosol mode, the scavenged
fraction of the mass distribution is not set equal to the scavenged fraction of the num-
ber distribution. To determine the fractional scavenging of the mass distribution, the
aerosols in each mode are assumed to be scavenged progressively from the largest to
the smallest size. Thus, for each mode a critical radius, r; ., can be determined that
has exactly N, ., in the lognormal tail of the number distribution. The total aerosol

22049

ACPD
9, 2204122101, 2009

In-cloud scavenging
in ECHAM5-HAM

B. Croft et al.

00


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/22041/2009/acpd-9-22041-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/22041/2009/acpd-9-22041-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

mass to be scavenged from the jth mode is that mass of the lognormal tail that lies
above r; ot

To calculate r; i, the cumulative log-normal size distribution, Fy(r; cqit), is employed,
where

N, N, IN(r; erit/ Mog)
Fu(rioi) = N = N; oy = —= + —erf [ —22 P9 6
N(rj,CI’It) J J,scav 2 + 2 e < \/§In O'g ( )
and Iog is the count median radius for the jth mode, (o is the standard deviation for the

respective mode and erf refers to the error function. By taking a rational approximation
to the inversion of the error function, the above equation can be solved for r; .. Thus,
the critical radius is given by,

N
It = Fog <exp<\/_ln0 cerf! (1- <2-(CDNC+ICNC)-N;\7ﬂ>>>> (7)
j'"¥>35nm

where N, .., has been replaced the explicit expression in Eq.(4). Therefore, if tracer /
is a soluble/internally mixed mass mixing ratio we have the following nucleation scav-
enging fraction for the mass distribution,

[ mf,/(fp)drp
(8)

5" mi

where m; ;(r,)) is the Iognormal mass distribution for the /th aerosol species of the jth
mode, and r, is the aerosol radius. The lognormal mass distribution has the same
standard deviation as the number distribution for any given mode, as described in Stier
etal. (2005), and the mass median radius for the lognormal distribution (1,4 ) is related
to the count median radius (r,,g) following

Ri,nuc =

r

sam = og - €XP(3IN% 0,). (9)
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The nucleation scavenging for temperatures below 238.15 K is slightly different, since
homogeneous freezing can occur at these temperatures. The used version of the
ECHAMS5-HAM includes a cirrus scheme as described in Lohmann and Karcher (2002).
The total ICNC is assumed to be equal to the total number of aerosols to be scavenged,
but the modes are scavenged progressively from the largest soluble/internally mixed
mode (CS) to the smallest (KS). As a result, the calculation of the critical radius, is only
done for the mode that is found to be partially scavenged, after all larger modes are
fully scavenged. The nucleation scavenging ratio is set to zero for all modes smaller
than the partially scavenged mode, and for all insoluble modes.

2.1.3 New size-dependent in-cloud impaction scavenging

For the aerosol-cloud droplet impaction scavenging, the mean mass scavenging coef-
ficients, in units of inverse time, are

N(rogm)ran(ry)dr,
/\m(rpg,,m)—/0 oopgs( y— (10)

and the mean number scavenging coefficients are

[o” Mrog)n(ry)dry
An(rpg) = : (11)
[o n(ro)dr,
where n(r,) is the aerosol lognormal number distribution, r, is the aerosol radius, and
logs @Nd rpq m are the median aerosol radius for the number and mass distribution,
respectively. The scavenging coefficient A(r,,4), also in units of inverse time, is defined
as

N(rpg) =/0 ”thUt(Rliq)E(Rliq’rpg)n(Rliq)dRqu (12)

where Rjq is the cloud droplet radii, U;(A,) is the terminal velocity of the cloud droplet,
E (R, ) is the collision efficiency between the aerosol and cloud droplet, and n(A;,)
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is the cloud droplet number distribution, which is assumed to be a Gamma distribution.
We find the collision efficiencies and terminal velocities following the approach outlined
in detail in Croft et al. (2009). Figure 1 shows the impaction scavenging coefficients
for a CDNC of 40cm™ as an example. The scavenging coefficients have a minimum
for aerosol radii near to 0.1 um. For aerosols with radii smaller than 0.1 um, Brownian
motion increases their collection by the cloud droplets, whereas the inertia of larger
aerosols increases their collection. At the minima, neither of these forces is dominant.
The impaction scavenging coefficients are compiled in look-up tables. Thus, if tracer /
is a mass mixing ratio, the scavenging fraction for cloud droplet-aerosol impaction is
Ri,imp,liq = /\m(rpg,m)At (13)
and likewise if tracer / is a number mixing ratio, but using An(r,g). Both solu-
ble/internally mixed, and insoluble aerosol modes are scavenged similarly by im-
paction.

Since the ECHAM5-HAM model assumes that the ice crystals are monodiperse, we
do not integrate over an ice crystal number distribution to determine the scavenging
ratio, but rather the scavenged fraction due to aerosol-ice crystal impaction is defined
as

Ri,imp,ice = K(Rice’ rpg) -ICNC - At (14)

where ICNC is the ice crystal number concentration, and R is the radius of the max-
imum dimension of the ice crystal, and r,4 is the median radius of the aerosol number,
or mass distribution, and K (R, 1) is the collection kernel given by,

K (Rice. rpg) = ﬂRiieUt(Rice)E(Rice: rpg) (15)

The collection kernels are taken from Miller and Wang (1991) in units of cm®s™! and

are compiled in look-up tables in our model. For temperatures less than 238.15K, we

assume that all crystals are columns, and for temperatures greater than 238.15K, all

crystals are assumed to be plates (Lohmann et al., 2008). There is a lack of collection
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data for ice crystals with radii less than about 30 um. For these crystal sizes, we use
the same collection kernels as for liquid droplets, as described in detail in Croft et al.
(2009). Ice crystals of this size are often assumed to be quasi-spherical (Spichtinger
and Gierens, 2009). Figure 2 shows the collection kernels for ice plates and columns
for a selection of Reynold’s numbers, and also for droplets with radii of 30 um and less.
In our look-up table approach, the Reynold’s number is related to the size of the ice
crystals following the crystal dimensions given in Martin et al. (1980), and Miller and
Wang (1989). Similar to droplets, ice crystals have a scavenging minimum, but this
minimum shifts due to the various geometries of the crystals. For particle sizes near
the scavenging minimum, plates are more efficient scavengers than columns. Miller
and Wang (1991) attribute this to the formation of eddies in the flow around the plate
geometry, which increases their collection. Similar to Eq. (1), the local rate of change
of the tracer C; due to in-cloud scavenging by both nucleation and impaction is

(Ri,nuc + ’E”/,imp,qu)f"qOqu (Ri,nuc + Ri,imp,ice)ficeaice

AC; .
Cqu Cice

A7 (16)

= Cl'fCI <
where 9 and 7'°® are the respective liquid and ice water fractions of the total cloud
water, % is the cloud fraction, Ciiq and Cj,. are the cloud liquid and ice water con-

tent, respectively, and Q"% and Q'°® are the respective sums of the conversion rates
of cloud liquid and ice to precipitation by the processes of autoconversion, accretion
and aggregation. This diagnostic scavenging approach is implemented in simulation
DIAG-FULL.

2.1.4 Prognostic in-cloud scavenging

In this study, we also use the prognostic in-cloud aerosol processing scheme for strati-

form clouds developed by Hoose et al. (2008a,b) (simulation PROG-AP). This scheme

treats the aerosol mass and number concentrations in the cloud droplets and ice

crystals as prognostic species, which are passed between model time-steps. The
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methodology is described in detail in Hoose et al. (2008a,b). Unlike the new diagnostic
scheme, the prognostic scheme applies the same scavenging ratio to both the aerosol
mass and number distributions for any given aerosol mode, grid box and time-step, as
opposed to having separate mass and number scavenging ratios. One other difference
is that the in-cloud impaction scavenging implements the prescribed kernels of Table 2
as opposed to the physically detailed size-dependent impaction parameterization of
the new diagnostic scheme in the simulation DIAG-FULL.

2.1.5 Diagnostic in-cloud scavenging sensitivity simulations

We implement several variations to the new diagnostic scheme as sensitivity tests.
Simulation DIAG2 replaces the size-dependent in-cloud impaction parameterization of
simulation DIAG-FULL with the prescribed impaction kernels of Hoose et al. (2008a,b)
given in Table 2. DIAG2 is otherwise the same as DIAG-FULL. Simulation DIAG1
differs from simulation DIAG2 only in that the mass nucleation scavenging ratios are
set equal to the number nucleation scavenging ratios. Otherwise DIAG2 and DIAG1
are the same. Two additional sensitivity studies are done to examine the prescribed
ratio approach. 100% of the aerosols in clouds are assumed to be scavenged into the
droplets or crystals for the simulation F100. This simplistic assumption has been used
in global models (e.g., Barth et al., 2000). The simulation F100-INT is similar except
that 100% of the soluble/internally mixed aerosols in clouds are assumed to be cloud-
borne, and 0% of the insoluble aerosol is scavenged into the cloud droplets or crystals.
All simulations are summarized in Table 3.

3 Results of the global simulations
3.1 Aerosol scavenged fractions

Figure 3 shows a frequency plot of the aerosol mass and number scavenged frac-
tions for the DIAG-FULL simulation as compared to the prescribed ratios of Stier et al.
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(2005). Particularly for mixed phase clouds, the scavenged fractions are <0.1 for near
to 50% of the occurrences for number scavenging, and thus deviate considerably from
the prescribed ratios, which are implemented in the CTL simulation. As the clouds
glaciate, the Bergeron-Findeisen process causes rapid growth of the few ice crystals
at the expense of the cloud droplets, which reduces the cloud droplet number con-
centration, and hence results in lower scavenged fractions for simulation DIAG-FULL.
For warm phase clouds, the Aitken and accumulation mode scavenged fractions for
simulation DIAG-FULL are greater than the prescribed ratios for 75% of the scaveng-
ing events. For ice clouds, the scavenging of the coarse mode is greater than the
prescribed ratio of 0.1 for near to 60% of the scavenging occurrences. Figure 3 also
shows that the scavenged fractions for the mass distributions are higher than for the
number distributions. This is physically correct since the median radii of the aerosol
mass distributions are higher than for the respective number distributions, and so mass
distributions should be scavenged with higher fractions. As opposed to equating the
mass with the number scavenging ratios, our approach will alter the aerosol size distri-
bution to produce smaller aerosols. The impact of in-cloud scavenging on aerosol size
is examined further in the following subsection.

Figure 4 shows the zonal and annual mean aerosol mass scavenged into the cloud
droplets and ice crystals averaged over clear and cloudy regions, comparing the sim-
ulations CTL, DIAG-FULL, and PROG-AP. The scavenged fractions are greatest near
the surface sources of the aerosols where warm phase clouds occur. In these regions,
there are generally differences of <10% for the DIAG-FULL relative to the CTL simula-
tion, but there are reductions of up to 50% for sulfate and sea salt scavenged mass over
the southern oceans. For the PROG-AP simulation, scavenged fractions for all aerosol
species in the regions of warm clouds are lower by near to 50% compared to the CTL
simulation. Hoose et al. (2008a) explained this is a result of dependence of scavenged
fraction on cloud history in an aerosol processing simulation. Alternatively, for the diag-
nostic and prescribed fraction scavenging approaches, all of the aerosol is assumed to
be available for scavenging at each time-step since the in-droplet and in-crystal aerosol
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concentrations are not passed between model time-steps. Both the DIAG-FULL and
PROG-AP simulation behave similarly in the colder regions of the troposphere where
mixed and ice phase clouds occur. The scavenged fractions are more than two times
greater than for the CTL simulation. To correctly interpret these differences one must
remember that these scavenged mass fractions are function of the cloud cover, the
total aerosol concentration, and the number of cloud droplets and ice crystals. Relative
to the CTL simulation, regions where aerosol concentrations are greater tend to be
associated with higher scavenged mass, and conversely lower aerosol concentrations
are associated with lower scavenged masses. The aerosol mass scavenged into the
cloud droplets and ice crystals may not necessarily be removed by precipitation, since
the rates of formation of precipitation, and the evaporation rates also ultimately control
the aerosol mass that is removed from the atmosphere.

For the simulation PROG-AP, the mass transfer rates between the interstitial and in-
droplet and in-crystal modes are shown in Fig. 5. This figure is similar to that shown
in Hoose et al. (2008a). However, for this study we have used a more recent model
version, and our dust and sea salt emissions are different with nudged meteorological
conditions as compared to Hoose et al. (2008a). Similar to Hoose et al. (2008a), cloud
droplet nucleation is a dominant process for transfer to aerosol mass into the in-droplet
mode. Our results differ in that collisions are shown to dominate over nucleation or
freezing for transfer of aerosol into the ice crystals. This is in agreement with recent
work by Baumgardner et al. (2008), who suggested that impaction scavenging might
dominate over nucleation scavenging for black carbon scavenging into ice crystals. Our
study also implemented the below-cloud scavenging parameterization of Croft et al.
(2009), which accounts for the higher removal of the interstitial aerosols by below-cloud
scavenging in comparison to the results in Fig. 6 of Hoose et al. (2008a).

3.2 Impacts on aerosol size distributions

Figure 6 shows the zonal and annual mean count median radius for the CTL simula-
tion, and the percent difference for the simulations DIAG2 relative to DIAG1, and also
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for the simulations DIAG-FULL and PROG-AP relative to the CTL. As opposed to using
the same scavenging ratios for the aerosol mass and number distributions (simulation
DIAG1), the implementation of separate mass and number scavenging ratios gives an-
nual and zonal mean soluble accumulation and coarse mode count median radii that
are smaller by up to 40% and 50%, respectively (simulation DIAG2). The regions of
mixed and ice phase clouds in the middle and upper troposphere show the greatest
sensitivity for the count median aerosol radius to the implementation of separate scav-
enging ratios for aerosol mass and number distributions. This sensitivity is not as great
for the near surface warm phase clouds since warm phase clouds had mass and num-
ber scavenging ratios of near to unity for the soluble/internally mixed accumulation and
coarse modes in more than 90% of the scavenging occurrences (see Fig. 3). Figure 6
shows that the soluble/internally mixed Aitken mode radius does not change by more
than 10% with the implementation separate mass and number nucleation scavenging
ratios. This lower sensitivity is expected since the number of occurrences of nucleation
scavenging for the soluble Aitken mode is nearly one order of magnitude smaller as
compared to the larger soluble/internally mixed accumulation and coarse modes.

Figure 6 also shows how the zonal and annual mean count median radius is changed
for the simulations DIAG-FULL and PROG-AP as compared to the CTL simulation.
For the DIAG-FULL simulation, the zonal and annual mean soluble accumulation and
coarse mode count median radii are reduced by up to 50% in regions of mixed and
ice phase clouds, but the soluble Aitken mode radius is increased by up to 30%.
Conversely, for the PROG-AP simulation the zonal and annual soluble accumulation
and coarse mode radii are increased by near to 100% throughout much of the lower
and middle troposphere. This increased radius is typical for prognostic aerosol cloud
processing simulations, which include the process of coagulation of in-droplet and in-
crystal aerosols followed by evaporation or sublimation. This is associated with the
release of larger aerosol particles to the atmosphere (Hoose et al., 2008a).
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3.3 Impacts on aerosol mass distributions

The zonal and annual mean aerosol mass mixing ratios comparing the simulations
CTL, DIAG-FULL and PROG-AP are shown in Fig. 7. Both the DIAG-FULL and the
PROG-AP simulations show an increase in dust and carbonaceous aerosol mass by
more than five-fold towards the poles, and at the altitudes of mixed phase clouds, in
comparison to the CTL simulation. The insoluble modes that contain dust and carbon
aerosols are not scavenged by nucleation, and this contributes to the mass increase.
However, sulfate and sea salt mass are increased by near to two-fold towards the poles
and in the mixed phase clouds. The lower number of cloud droplets as the clouds
glaciate and hence reduced nucleation scavenging contributes to this mass increase.
For the DIAG-FULL simulation, the higher impaction scavenging of the accumulation
and coarse modes aerosols in the ice clouds as compared to the PROG-AP and CTL
simulations contributes to the relatively lower concentrations of dust and sea salt in the
upper troposphere.

Table 4 presents the annual and global mean mass burdens and lifetimes for the five
aerosol species, and for all the simulations conducted. The aerosol mass burdens are
lower for the simulation DIAG-FULL, by 7%, 2%, 16%, and 30% for sulfate, particulate
organic matter, dust, and sea salt, respectively, as compared to the PROG-AP simula-
tion. Similarly, Ghan and Easter (2006) showed that a diagnostic scavenging scheme
under-estimated aerosol burdens by near to 20% as compared to a prognostic treat-
ment of in-droplet aerosol. Aerosols are kept within the cloud droplets and ice crystals
between time-steps for the prognostic aerosol processing simulation, and this affects
the mass and number of aerosols available for scavenging into the cloud droplets and
crystals at each time-step, and ultimately the mass distribution. For our study, the black
carbon mass burden increased by 2% for the simulation DIAG-FULL relative to PROG-
AP. This results from black carbon burden sensitivity to differences in the representation
of in-cloud impaction scavenging.

The simulation F100 allows us to compare the prescribed ratio approach of Stier
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et al. (2005) with the more simplistic assumption that 100% of the aerosols in clouds are
in the droplets and crystals. This simplistic approach has been used in global models
(Barth et al., 2000). We find that the global and annual mean aerosol mass burdens in
simulation F100 are lower in comparison to the CTL simulation, by up to 10% for sulfate.
The greatest mass burden difference between all simulations was 32% for the global
and annual mean sea salt burden, between the F100 simulation and the PROG-AP
simulations. Assuming that only the soluble/internally mixed aerosols are cloud-borne
for the simulation F100-INT as compared to F100 does not affect the sulfate and sea
salt burdens significantly, since these aerosols do not exist in the insoluble modes.
However, the annual and global mean black carbon and dust burdens are higher by
near to 10% when none of the insoluble aerosols are allowed to be cloud-borne.

Comparing the simulations DIAG1 and DIAG2 illustrates the impact of diagnosing
separate stratiform nucleation scavenging ratios for aerosol mass and number distri-
butions. The global and annual mean mass burdens are higher by near to 10% and
8% for sulfate and carbonaceous aerosols, and 5% for sea salt and dust for the sim-
ulation DIAG1 as compared to DIAG2, which diagnoses separate mass and number
scavenging ratios.

Table 4 also includes two simulations with the in-cloud impaction processes turned
off, DIAG-FULL-noimp and PROG-AP-noimp. In comparing these two simulations
with DIAG-FULL and PROG-AP, respectively, impaction scavenging is found to have
a greater influence on the mass burdens in the case of prognostic aerosol cloud pro-
cessing, and particularly for the aerosol species that occur in the submicrometer size
modes. The annual and global mean sulfate mass, and black carbon burdens were
reduced by 22% and 30%, respectively, for the PROG-AP simulation as compared to
PROG-AP-noimp.

3.4 Impacts on aerosol number distributions

Figure 8 shows the geographic distribution of the ratio of the number burdens between
the F100, DIAG-FULL, and PROG-AP simulations, and the CTL simulation. For the
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PROG-AP simulation only the interstitial number burdens are shown. The accumula-
tion mode number burdens in the DIAG-FULL and PROG-AP simulations increase by
near to 2 and 5 times, respectively, as compared to the CTL in the regions of greater
stratiform cloud cover, poleward of 30°. Ghan and Easter (2006) also found accumu-
lation mode number burdens higher by up to two times towards the poles for a prog-
nostic as compared to diagnostic in-cloud aerosol scavenging treatment. For the F100
simulation, the accumulation mode number burdens are lower by up to 20% over the
regions of stratiform cloud cover in comparison to the CTL simulation. The nucleation
and internally mixed/soluble Aitken mode number burdens are reduced by up to 50%
poleward of 30° for the DIAG-FULL simulation. Comparing the DIAG2 and DIAG-FULL
simulations (not shown) indicated the size-dependent aerosol scavenging impaction
contributed largely to this burden reduction. For the F100 simulation, the nucleation
number burdens are significantly increased by up to five times over the polar regions in
comparison to the CTL simulation. Despite the increased in-cloud scavenging coeffi-
cients used in F100, the reduction in surface area available for sulfate condensation on
to the larger aerosol modes leads to an increase in new particle formation. The annual
and global mean new particle nucleation rate was nearly three times greater for the
F100 simulation as compared to the DIAG-FULL simulation. For the PROG-AP sim-
ulation, the interstial coarse mode is reduced by up to half over the southern oceans.
This occurs since the in-droplet and in-crystal modes (not shown here) contain these
aerosols.

Table 5 summarizes the global and annual mean number burdens of the seven stan-
dard modes of the ECHAM5-HAM. For the DIAG-FULL simulation, the nucleation and
internally mixed/soluble Atiken mode number burdens are decreased by 11% and 30%,
respectively relative to the CTL simulation. Comparing these results for the simulations
DIAG2 and DIAG-FULL, we can see that the new size-dependent impaction parame-
terization used in simulation DIAG-FULL has contributed to this change. For the DIAG-
FULL simulation, the soluble/internally mixed Aitken and accumulation mode number
burdens are 15% smaller compared to PROG-AP. For the PROG-AP simulation rela-
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tive to the CTL, the number of internally mixed/soluble Aitken mode aerosols is reduced
by near to 15%, and the internally mixed/soluble accumulation mode numbers are in-
creased by near to 45%. Changes in the Aitken and accumulation mode numbers are
relevant since these sizes are the most radiatively active. Ghan and Easter (2006)
showed that smaller changes in global aerosol burdens (near to 20%) changed the
magnitude of the direct and indirect radiative forcing of aerosols on climate by consid-
erably less than the magnitude of the current uncertainty asociated with this forcing.
This uncertainty arises from numerous, additional sources, including the representa-
tion of aerosol activation and cloud droplet spectra, limitations of model resolution, and
lack of knowledge of pre-industrial aerosol emissions (IPCC, 2007).

3.5 Impacts on aerosol wet deposition

The geographic distribution of wet deposition for the five aerosol species is shown in
Fig. 9. For the species that exist only in the soluble/internally mixed modes, sea salt
and sulfate, there is very little change to the geographic distribution of wet deposition
for the DIAG-FULL simulation as compared to the CTL. For the DIAG-FULL simula-
tion, dust and the carbonaceous aerosol wet deposition is generally changed by less
than 10% close to the major source regions, but increases poleward and over the more
remote oceans by near to 100%. Over these more remote regions, these aerosols
will have aged into the soluble/internally mixed modes, which are scavenged by cloud
droplet and ice nucleation. However, the magnitude of the wet deposition is quite small
in these regions. For the PROG-AP simulation, there are reductions in the wet depo-
sition of sulfate and carbonaceous aerosols near to 25% close to the source regions.
The total precipitation, which is also shown in Fig. 9 does not change significantly be-
tween simulations, and so these differences in wet deposition occur in response to the
changes to the in-cloud scavenging parameterization, as opposed to changes to the
rate of precipitation.
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3.6 Aerosol deposition budgets

Tables 6—10 summarize the deposition budgets for the five aerosol species. For the
DIAG-FULL simulation, in-cloud scavenging accounts for near to 80% of the total re-
moval of sulfate and carbonaceous aerosols, and close to 35% of the total removal of
sea salt and dust. Stratiform, as opposed to convective, in-cloud scavenging accounts
for near to 65% of the total removal of sea salt and sulfate, but nearer to 40% of the
total removal of carboneous aerosols and dust, which have greater sources towards
the tropics. Removal by warm phase nucleation (temperatures >273.15K) is about
twice that of mixed phase nucleation (temperatures between 273.15K and 238.15K)
for sulfate and the carbonaceous aerosols, whereas for sea salt and dust these pro-
cesses are nearly equivalent. For simulation DIAG-FULL, nucleation scavenging ac-
counts for 98%, 94%, 96%, 51%, and 99% of the total deposition due to stratiform
in-cloud scavenging for sulfate, black carbon, particulate organic matter, dust, and sea
salt, respectively. The remainder is due to in-cloud impaction scavenging. Below-cloud
scavenging accounts for 13%, 14%, 11%, 25%, and 23% of the total annual and global
mean deposition of sulfate, black carbon, particulate organic matter, dust, and sea salt,
respectively for the simulation DIAG-FULL.

The contribution of impaction scavenging to total deposition can be examined for the
diagnostic scavenging simulations. For dust and sea salt, which reside only in the accu-
mulation and coarse modes, the global and annual mean removal by impaction in warm
and mixed phase clouds is increased by near to 2 orders of magnitude in the simulation
DIAG-FULL, which has physically detailed size-dependent in-cloud impaction scaveng-
ing, as compared to DIAG2, which implements the prescribed impaction scavenging
kernels of Hoose et al. (2008a). The global and annual mean dust mass burden (see
Table 4) is decreased by near to 6% in simulation DIAG-FULL as compared to DIAG2.
The sea salt burden does not change significantly, since impaction contributes <1% to
the total sea salt removal. For sulfate, the global mean impaction scavenging is near
to two times greater in warm and mixed phase clouds for the simulation DIAG-FULL
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as compared to DIAG2, but the mass burden is not significantly changed. For black
carbon, and particulate organic matter, the impaction scavenging is reduced by about
half in DIAG-FULL as compared to DIAG2, and the respective burdens are increased
by 8% and 3%. Impaction scavenging contributes relatively more to the total deposition
for black carbon since a greater fraction of the black carbon (80%) is emitted into the in-
soluble mode, as opposed to 50% for particulate organic matter. The soluble/internally
mixed Aitken mode number burden is reduced by 20% for the DIAG-FULL simulation as
compared to the DIAG2 simulation. Our results suggest that for modeling of dust and
black carbon mass, and sub-micron size particle number burdens, some consideration
should be given to the representation of in-cloud impaction in global models.

For the simulation PROG-AP compared to the CTL simulation, the total aerosol re-
moval by in-cloud scavenging is reduced by 20 to 25% for all aerosol species, with
the greatest changes for sulfate and sea salt, with a sea salt mass burden increase
of 35%. Increased aerosol burden for prognostic aerosol cloud processing simulations
have been shown by Hoose et al. (2008a) and Ghan and Easter (2006). The aerosol
load that remains in the stratiform cloud droplets is not available for the convective
scavenging, and so the convective in-cloud scavenging is also reduced by near to 10%
for sulfate. Only dust is affected in the opposite sense and the convective scaveng-
ing is actually increased by a few percent. This is expected since stratiform in-cloud
scavenging of dust is a less important sink compared to other removal processes, and
Fig. 1 shows that the Hoose et al. (2008a,b) impaction scheme also scavenges coarse
mode particles, such as dust, into the cloud droplets relatively inefficiently. These re-
sults point to the relevance of developing a convective aerosol processing treatment in
the future that should be coupled with the stratiform aerosol processing treatment of
Hoose et al. (2008a,b).
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4 Comparison with observations

Figures 10 and 11 show the comparison of the modeled wet deposition of sulfate
with the observations compiled by Dentener et al. (2006a), and grouped according
to geographic region. The simulations DIAG-FULL and PROG-AP compare similarly
to the observations relative to the CTL simulation. However, the correlation coefficient
and slope are overall slightly improved for the PROG-AP simulation as compared to
the other simulations for the global mean, National Atmospheric Deposition Program
(NADP), India and African (IDAF) datasets. For all simulations, the modeled deposition
is within a factor of two of the observations for at least 75% of the sites. The PROG-
AP simulation does not perform as well as the CTL or DIAG-FULL simulation for the
European (EMEP), and the East Asian (EANET) datasets, with a reduction in the cor-
relation coeffients, but only by a few percent. Futures improvement to the prognostic
aerosol cloud processing scheme, including introduction of a convective aerosol cloud
processing scheme, and implementing size-dependent impaction scavenging together
with the aerosol processing approach could improve the agreement with observations.

Figure 12 shows the geographic distribution of aerosol optical depth (AOD) for the
years 2001-2006, created from a combination of MODIS (Levy et al., 2007) and MISR
(Diner et al., 2005; Martonchik et al., 2002) retrievals, as described in van Donkelaar
et al. (2009). The composite MODIS and MISR dataset is created from the ensemble
of individual retrievals that exhibit little bias versus ground-based AERONET (Holben
et al.,, 1998) AOD observations. More specifically, the accuracy of the MODIS and
MISR AQOD retrieval over land is evaluated relative to AERONET AOD on a monthly
basis for nine land types defined using the MODIS BRDF/Albedo product at three dif-
ferent wavelengths (470 nm, 660 nm and 2.1 um). Daily MODIS and MISR AOD re-
trievals over land types that exhibit a mean monthly bias in excess of either 0.1 or 20%
are rejected. The remaining retrievals over 2001-2006 are averaged. The composite
dataset is driven by MISR observations over bright surfaces where MODIS is biased
(Abdou et al., 2005), and over dark surfaces by MODIS (higher temporal sampling).
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MODIS AOD is used over the ocean due to high sampling frequency and accuracy
(Remer et al., 2005). Annual mean AOD enhancements of >0.5 reflect a combination
of mineral dust over and downwind of Africa, as well as large anthropogenic signals
over India and East Asia. Sea salt contributes to moderate AOD enhancements at
southern high latitudes.

Figure 12 also shows the geographic distribution of the ratio of the aerosol optical
depth (AOD) for the simulations CTL, DIAG-FULL, and PROG-AP compared to the
observational dataset. Both the DIAG-FULL and CTL simulations perform similarly.
The number of grid points within 25% of the observations is increased by near to 20%
over the oceans for the DIAG-FULL simulation as compared to the CTL. The PROG-
AP simulation has slightly lower AODs (10 to 20%) over the land, which improves the
agreement with observations over eastern North America and Europe, but the AOD
is under-predicted over Asia, and considerably over-predicted over the oceans (up to
a factor of two). Hoose et al. (2008a) have shown that the agreement over the oceans
can be improved with changes to the water uptake on the aerosols, which will be im-
plemented in future versions of the ECHAM5-HAM.

Hoose et al. (2008a) showed that a prognostic in-cloud scavenging scheme mod-
ified zonal mean aerosol size distributions in the marine boundary layer to produce
better agreement with the observations of Heintzenberg et al. (2000), particularly for
the accumulation mode. These observations are shown in Fig. 13. The observations
of Heintzenberg et al. (2000) are a compilation of data from different mobility, and aero-
dynamic sizing techniques, operated at relative humidities of <40%, and a multi-modal
lognormal distribution was fitted to the observations. The same methodology as de-
scribed in Hoose et al. (2008a) was used for comparision with the simulations CTL,
DIAG-FULL, and PROG-AP. Figure 13 shows that the DIAG-FULL simulation, unlike
the PROG-AP simulation, does not modify the marine accumulation mode size dis-
tribution significantly as compared to the CTL simulation. The Aitken mode number
concentrations are under-estimated by up to five times over the southern oceans for all
simulations in comparison to the observations. A considerable reduction in the under-
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estimation could be made with changes to the treatment of new particle formation in
the marine boundary layer, which will be implemented in future ECHAM versions. For
the DIAG-FULL simulation, the Aitken mode numbers are reduced by half in the South-
ern Hemisphere relative to the CTL simulation, which is a consequence of the more
vigorous scavenging in the marine boundary layer for the diagnostic scheme.

Recently Koch et al. (2009) presented black carbon profiles observed from aircraft
in comparison to various global models. Figures 14 and 15 compare this same aircraft
data with our model simulations, CTL, DIAG-FULL, and PROG-AP. Additionally we
have included two sensitivity simulations that have the in-cloud impaction processes
turned off for both the diagnostic and prognostic in-cloud scavenging schemes, DIAG-
FULL-noimp and PROG-AP-noimp, respectively. These figures show that the black
carbon profiles particularly in the middle troposphere can vary by up to two orders
of magnitude depending on the treatment of in-cloud scavenging. This effect is more
pronounced for the more northerly profiles shown in Fig. 15, where mixed phase and
ice clouds are more prevalent. For the simulation PROG-AP as compared to PROG-
AP-noimp, black carbon concentrations are lower by up to a factor of five, and two in
the middle and upper troposphere, respectively. This points to the importance of the
parameterization of impaction scavenging of black carbon for mixed and ice clouds.
For seven of the ten of the profiles presented, the black carbon profile is closer to the
observations for the DIAG-FULL and PROG-AP simulations as compared to the CTL
simulation (changes up to one order of magnitude). For the three profiles of Fig. 14 that
show closer agreement with observations for the prescribed coefficient scheme of the
CTL simulation, the PROG-AP simulation is a better match to the observations than for
the DIAG-FULL simulation.

4.1 Simulation of 2'°Pb and "Be

"Be and 2'°Pb have been simulated in global models, and used as passive tracers
for the validation of deposition parameterizations (e.g., Brost et al., 1991; Liu et al.,
2001; Feichter et al., 1991; Koch et al., 1996, 2006). Recently, simulation of "Be and
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21%9pp have been introduced into the ECHAM5-HAM (Heikkila et al., 2008, 2009). The
methodology is described in detail in Feichter et al. (1991); Heikkila (2007); Heikkila
et al. (2008). These tracers have been coupled with the CTL and DIAG-FULL sim-
ulations. Figure 16 compares the surface layer concentrations and wet deposition of
these tracers for the simulations CTL and DIAG-FULL with the observations. The com-
parison with observed surface layer concentrations and wet deposition is most robust
for 21°Pb since 2'°Pb originates from surface sources and rarely reaches the strato-
sphere. 21%pp pas a relatively long half-life with respect to radioactive decay processes
(22.4 years), but a relatively short atmospheric residence time (3-5 days) due to wet
deposition processes. Conversely, the ’Be source is in the upper atmosphere and
"Be has a shorter half-life (few months). The longer transport path from source to
the cloud levels or surface, coupled with the shorter half-life, increases the uncertainty
associated with comparisons between the modeled and observed deposition and sur-
face layer concentrations for "Be. Nevertheless, Fig. 16 shows that both tracers are
simulated reasonably in comparison with observations of deposition and surface layer
concentrations. Unfortunately, the quality of deposition observations available is not
optimal. The observed surface layer concentrations are 10-30year means, and the
deposition fluxes are 1-5year means. The deposition observations are older, mostly
taken from 1980s and 1990s and do not have a global coverage as extensive as the
surface layer concentration observations. As a result of these factors, the best cor-
relation coefficients, slope and offset parameters are for the case of 21%pp surface
layer concentrations. However, for both deposition and surface layer concentration, the
DIAG-FULL and CTL simulations are within a factor of two of the observations at more
than 75% of the sites. The correlation coefficients are improved by a few percent for the
DIAG-FULL simulation as compared to the CTL simulation for both the 21%9pp surface
layer concentration and wet deposition.
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5 Summary and conclusions

A nucleation scavenging scheme that diagnoses cloud scavenging ratios for aerosol
mass and number distributions based on cloud droplet and ice crystal number concen-
trations has been coupled with a physically detailed size-dependent in-cloud impaction
scavenging parameterization, and implemented for stratiform clouds in the ECHAM5-
HAM model. The global and annual mean aerosol mass burdens increased by 8% for
carbonaceous aerosols, 3% for sulfate and dust, and decreased 3% for sea salt com-
pared to a simulation using the prescribed in-cloud scavenging ratios of the standard
ECHAMS5-HAM. The soluble/internally mixed Aitken and accumulation mode number
burdens were decreased by 30%, and increased by 25%, respectively, relative to the
prescribed scavenging ratio simulation. Annual and global mean sea salt and dust
burdens were decreased by 30% and 15%, respectively for a simulation with the new
diagnostic scavenging as compared to a simulation with the prognostic aerosol cloud
processing scheme of Hoose et al. (2008a,b). Assuming that 100% of the in-cloud
aerosol is scavenged into the cloud droplets and ice crystals gave the maximum bur-
den change in this study, and reduced the global annual mean sea salt mass and
accumulation mode number burdens by 32% and 65%, respectively, relative to a sim-
ulation with prognostic aerosol processing. This is more than the maximum change
of 20% reported by Ghan and Easter (2006) who compared prognostic and diagnostic
scavenging approaches. A physically detailed in-cloud impaction scavenging parame-
terization was shown to reduce the global and annual mean dust mass, and the soluble
Aitken mode number burdens by near to 6% and 17%, respectively, and increase the
black carbon mass burden by 8%, relative to an otherwise similar simulation that used
the Hoose et al. (2008a,b) prescribed collection kernels for each aerosol mode. For the
prognostic scheme, implementation of impaction scavenging reduced the black carbon
burden by 30%. Thus, particularly for dust and black carbon mass, and submicrometer-
size mode number burdens, some consideration should be given to the representation
of in-cloud impaction scavenging in global models.
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In comparison with observations of wet deposition and aerosol optical depth, the
new diagnostic scheme was found to perform similarly, or slightly better than the pre-
scribed scavenging coefficient approach of Stier et al. (2005). We have presented
a new aerosol optical depth climatology (2001-2006) produced from a combination
of MODIS, MISR, and AERONET observations, and have used this to evaluate our
simulations. The prescribed scavenging ratio scheme of the standard ECHAM5-HAM
under-estimated black carbon profiles observed from aircraft by up to two orders of
magnitude. The revised diagnostic and prognostic scavenging schemes improved the
agreement to within one order of magnitude.

The prognostic aerosol cloud processing scheme used for this study does require
10 additional tracers, and thus diagnostic scavenging schemes can be desirable in
global models due their relative simplicity. However, prognostic aerosol processing
schemes, such that of Hoose et al. (2008a,b) are beneficial, and future work should be
directed towards extending this prognostic approach to convective clouds, particularly
since convective scavenging does account for near to 50% of global wet scavenging.
Future studies should also examine the implementation of separate mass and number
scavenging ratios for the stratiform aerosol processing scheme of the ECHAM5-HAM.
The global annual mean sulfate and carbonaceous aerosol mass burdens increased
by 10% for the diagnostic scheme when the mass and number scavenging ratios were
equated, as opposed to determined separately. Finally, future work could be directed
towards examining the influence of these various in-cloud scavenging parameteriza-
tions, which have been shown to influence aerosol size distributions, on the aerosol
direct and indirect effects upon the climate system.
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Table 1. In-cloud scavenging ratios for each of the seven log-normal modes of the
ECHAM5-HAM dependent on the cloud type and temperature (warm: 7>273.15K, mixed:

238.15<T<273.15K, ice: T<238.15K) following Stier et al. (2005).
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Mode

Warm stratiform  Mixed stratiform

Ice stratiform  Convective

Nucleation soluble (NS)
Aitken soluble (KS)
Accumulation soluble (AS)
Coarse soluble (CS)

Aitken insoluble (KI)
Accumulation insoluble (Al)
Coarse insoluble (Cl)

0.10
0.25
0.85
0.99
0.20
0.40
0.40

0.10
0.40
0.75
0.75
0.10
0.40
0.40

0.00
0.10
0.10
0.10
0.10
0.10
0.10

0.20
0.60
0.99
0.99
0.20
0.40
0.40
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Table 2. In-cloud impaction scavenging kernels (m
crystal collision for each of the seven log-normal modes of the ECHAM5-HAM following Hoose

et al. (2008a,b).

3 3—1

) for aerosol-droplet and aerosol-ice
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Mode Droplets Crystals

Nucleation soluble (NS) 25x10™"? 50x107"
Aitken soluble (KS) 25x107'? 5.0x107"
Accumulation soluble (AS)  2.0x10™"*  2.0x107"
Coarse soluble (CS) 0.0 2.0x107"3
Aitken insoluble (KI) 25x107"% 5.0x107"
Accumulation insoluble (Al) 2.0x10"'*  2.0x107"
Coarse insoluble (Cl) 0.0 2.0x107"®
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Table 3. The simulations conducted for this study are summarized in this table.
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Simulation Description

CTL Control simulation using prescribed in-cloud scavenging ratios from Table 1

F100 Assuming 100% of aerosols in clouds are cloud-borne for all aerosol modes

F100-INT Assuming 100% of soluble/internally mixed aerosols in clouds are cloud-borne, and 0% of
insoluble aerosols are cloud-borne

DIAG1 In-cloud scavenging ratios diagnosed from cloud droplet and ice crystal number
concentrations, equating the mass with the number nucleation scavenging ratios, and
using Hoose et al. (2008a,b) impaction scavenging kernels from Table 2

DIAG2 Same as DIAG1, but with separate mass and number nucleation scavenging ratios
(see text for details)

DIAG-FULL Same as DIAG2, but using physically detailed size-dependent in-cloud impaction

DIAG-FULL-noimp
PROG-AP
PROG-AP-noimp

scavenging coefficients, and kernels for cloud droplets and ice crystals shown
in Figs. 1 and 2

Same as DIAG-FULL except no in-cloud impaction scavenging

Prognostic stratiform aerosol processing scheme of Hoose et al. (2008a,b)
Same as PROG-AP except no in-cloud impaction scavenging
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Table 4. Annual and global mean mass burdens (Tg, except TgS for sulfate) and lifetimes
(days) given in brackets immediately following the burdens, for the five aerosol species, and for
the simulations described in Table 3. POM refers to particulate organic matter.
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Burden (lifetime) Sulfate Black carbon POM Dust Sea salt

CTL 0.843 (4.2) 0.119 (5.6) 1.04 (5.7) 3.60(3.9) 8.28(0.56)
F100 0.749 (3.7) 0.109 (5.2) 0.99 (5.4) 3.40(3.7) 7.86(0.53)
F100-INT 0.750 (3.7) 0.116(5.5)  1.10(6.1) 3.77 (4.1) 7.85(0.53)
DIAG1 0.965 (4.8) 0.133 (6.3) 1.17 (6.5) 4.10(4.3) 8.39(0.57)
DIAG2 0.867 (4.3) 0.122 (5.8) 1.08 (6.0) 3.93(4.2) 7.99 (0.54)
DIAG-FULL 0.886 (4.4) 0.132(6.3)  1.11(6.1) 3.69(3.9) 7.95 (0.54)
DIAG-FULL-noimp 0.991 (4.6) 0.135(6.4) 1.13(6.2) 3.95(4.2) 8.01(0.54)
PROG-AP 0.952 (4.8) 0.129(6.1)  1.13(6.2) 4.41(4.6) 11.4(0.77)
PROG-AP-noimp  1.228 (6.1) 0.186 (8.8) 1.46 (8.1) 4.78 (5.0) 12.9(0.87)

22079

00


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/22041/2009/acpd-9-22041-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/22041/2009/acpd-9-22041-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 5. Global and annual mean number burdens (10’ m™2) for the nine simulations and
for the seven aerosol modes. CD and IC refer to the in-droplet and in-crystal modes of the

prognostic simulation. Abbreviations are defined in Tables 1 and 3.
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Number NS KS AS CS Kl Al Cl Ch IC
CTL 18800.0 870.0 75.1 0.441 8.29 0.031 0.068

F100 31500.0 1170. 659 0414 6.84 0.028 0.063

F100-INT 31500.0 1160. 67.0 0.430 8.69 0.047 0.081

DIAG1 17600.0 668.0 872 0476 8.12 0.054 0.089

DIAG2 18700.0 737.0 889 0483 8.03 0.052 0.088

DIAG-FULL 16700.0 610.0 942 0470 9.21 0.047 0.083
DIAG-FULL-noimp 15300.0 604.0 98.6 0.483 10.0 0.056 0.090

PROG-AP 22500.0 726.0 115.0 0.366 6.11 0.055 0.099 5.65 0.457
PROG-AP-noimp ~ 10500.0 605.0 179.0 0.375 112 0.069 0.116 10.5 0.683
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Table 6. Annual mean deposition of sulfate (Tg Syr'1) due to the processes of in-cloud nu-
cleation and impaction scavenging for warm (7 >273.15K), mixed (238.15<7 <273.15K), and
ice (T<238.15K) phase stratiform clouds, combined nucleation and impaction scavenging for
warm, mixed, and ice convective clouds, total in-cloud scavenging (ICS), below-cloud scaveng-
ing (BCS), dry deposition, and sedimentation.

Sulfate CTL F100 F100-INT DIAG1 DIAG2 DIAG-FULL PROG-AP
Stratiform clouds

Warm nucleation 23.7 24.6 24,7 23.6 24.6 24.4 18.9
Mixed nucleation 13.8" 14.1" 14.2° 10.9 12.2 12.1 8.21"
Ice nucleation 0.171"  0.388" 0.388" 0.544 0.420 0.444 0.624"
Warm impaction 0.256  0.119 0.265

Mixed impaction 0.364 0.255 0.392

Ice impaction 0.093 0.079 0.005

Convective clouds

Warm 9.33 9.02 9.02 9.33 9.11 9.06 8.26
Mixed 12.4 12.0 12.0 12.9 12.3 12.4 11.2
Ice 0.72 0.70 0.70 0.78 0.73 0.77 0.70
Total ICS 60.1 60.8 61.0 58.8 59.8 59.9 48.0
Total BCS 9.67 8.96 8.91 10.9 9.97 9.91 14.9
Dry deposition 2.02 2.00 1.98 1.94 1.91 1.89 3.72
Sedimentation 1.22 1.32 1.24 1.10 1.06 1.04 6.11

* indicates that stratiform nucleation and impaction are included together in the result shown for
stratiform nucleation.
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Table 7. Similar to Table 6 except for black carbon deposition (Tgyr™ ).

B. Croft et al.
Black carbon CTL F100 F100-INT DIAG1 DIAG2 DIAG-FULL PROG-AP
Stratiform clouds
Warm nucleation 1.86" 2.10° 1.86" 1.49 1.61 1.75 1.39"
Mixed nucleation 116"  1.14° 117" 0.635 0.766 0.861 0.582"
Ice nucleation 0.014" 0.017" 0.031" 0.055 0.039 0.052 0.073"
Warm impaction 0.439 0.413 0.088
Mixed impaction 0.217  0.197 0.081
Ice impaction 0.012  0.009 0.001
Convective clouds
Warm 1.04 1.00 1.03 1.06 1.03 1.04 0.972
Mixed 1.86 1.79 1.87 1.92 1.85 1.94 1.77
Ice 0.121  0.116 0.122 0.126 0.121 0.132 0.121
Total ICS 6.06 6.17 6.08 5.95 6.03 5.94 4.96
Total BCS 0.980 0.886 0.955 1.09 1.02 1.09 1.53
Dry deposition 0.706 0.684 0.711  0.687 0.687 0.701 0.828
Sedimentation 0.024 0.023 0.024 0.024 0.024 0.024 0.436

* indicates that stratiform nucleation and impaction are included together in the result shown for
stratiform nucleation.
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Table 8. Similar to Table 6 except for particulate organic matter (POM) deposition (Tgyr™ ).

B. Croft et al.
Organic matter CTL F100 F100-INT DIAG1 DIAG2 DIAG-FULL PROG-AP
Stratiform clouds
Warm nucleation 14.9 16.3" 15.3 12.9 14.0 14.3 9.85
Mixed nucleation 6.36" 6.20" 6.29" 3.94 4.66 4.83 3.14"
Ice nucleation 0.082° 0.110° 0.169° 0.376 0.277 0.318 0.476"
Warm impaction 1.71 1.53 0.417
Mixed impaction 0.698 0.606 0.299
Ice impaction 0.066  0.045 0.004
Convective clouds
Warm 10.1 9.86 9.99 10.3 10.0 10.1 9.51
Mixed 20.6 20.1 20.5 21.2 20.5 21.1 19.6
Ice 1.40 1.37 1.40 1.45 1.41 1.50 1.40
Total ICS 53.4 53.9 53.7 52.6 53.0 52.9 44.2
Total BCS 6.75 6.32 6.48 7.53 712 7.30 11.3
Dry deposition 5.92 5.88 5.91 5.82 5.83 5.80 7.05
Sedimentation 0.194 0.186 0.187 0.200 0.199 0.203 3.71

* indicates that stratiform nucleation and impaction are included together in the result shown for
stratiform nucleation.
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Table 9. Similar to Table 6 except for dust deposition (Tgyr™ ).

B. Croft et al.

Dust CTL F100 F100-INT  DIAG1 DIAG2 DIAG-FULL PROG-AP

Stratiform clouds

Warm nucleation 25.8" 31.5 16.4" 15.4 16.8 15.2 10.2"
Mixed nucleation 29.5 31.7 17.7° 10.6 13.8 11.0 7.72
Ice nucleation 0.308" 0.474" 1.04" 2.05 1.24 0.964 0.936"
Warm impaction 0.030 0.027 12.1

Mixed impaction 0.191 0.172 13.6

Ice impaction 0.088 0.085 0.002

Convective clouds

Warm 23.7 22.5 24.4 24.6 24.7 23.2 26.1
Mixed 34.4 32.9 36.0 37.1 36.9 35.1 39.3
Ice 2.31 2.18 2.37 2.41 2.45 2.45 2.69
Total ICS 116.0 121.0 97.9 92.5 96.2 114.0 87.2
Total BCS 81.8 77.4 95.2 103.0 99.7 86.8 104.0
Dry deposition 211 20.9 21.7 221 22.0 214 234
Sedimentation 122.0 120.0 124.0 126.0 126.0 123.0 129.0

* indicates that stratiform nucleation and impaction are included together in the result shown for
stratiform nucleation.
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Table 10. Similar to Table 6 except for sea salt (Tg yr‘1).
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Sea salt CTL F100 F100-INT DIAG1 DIAG2 DIAG-FULL PROG-AP
Stratiform clouds

Warm nucleation 740.0" 753.0° 753.07 763.0 777.0 776.0 494.0"
Mixed nucleation 624.0" 701.0° 704.07 572.0 622.0 629.0 310.0"
Ice nucleation 0.41" 1.05 1.04" 3.06 1.50 1.54 2.64"
Warm impaction 0.044 0.019 2.64

Mixed impaction 0.096 0.056 3.53

Ice impaction 0.001 0.0004 0.022

Convective clouds

Warm 285.0 282.0 282.0 284.0 280.0 282.0 304.0
Mixed 328.0 322.0 321.0 334.0 324.0 333.0 371.0
Ice 9.65 9.49 9.49 10.0 9.67 10.2 11.9
Total ICS 1990.0 2070.0 2070.0 1970.0 2010.0 2040.0 1500.0
Total BCS 1240.0 1200.0 1200.0 1290.0 1260.0 1250.0 1530.0
Dry deposition 933.0 913.0 913.0 915.0 912.0 910.0 1020.0
Sedimentation 1250.0 1230.0 1220.0 1220.0 1220.0 1210.0 1330.0

* indicates that stratiform nucleation and impaction are included together in the result shown for
stratiform nucleation.
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Fig. 1. In-cloud mean mass (dashed lines) and number (solid lines) impaction scavenging
coefficients (s‘1) as a function of geometric mean aerosol radius, for a cloud droplet number

concentration of 40cm™, and for a range of mean cloud droplet sizes from 5 to 50 um. The
prescribed cloud droplet collection coefficients of Hoose et al. (2008a,b) are shown by the red
steps.

22086

ACPD
9, 2204122101, 2009

In-cloud scavenging
in ECHAM5-HAM

B. Croft et al.

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/22041/2009/acpd-9-22041-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/22041/2009/acpd-9-22041-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

Ice Plate Impaction
T

Ice Column Impaction

10 10
107 107
10 / 4 10™
N
ol N R
12} = — — — S 1]
E S oL / E
L 10 - ~ N B L. 10
T - === So T )
c N ~ <
g > A
S 8|~ —R=lpm | = \‘\ ‘/ // S 8 ~ ‘\ : )
£ 0°H R=5um ) ‘;I: /,/— g 10° H _R=1um S “’( /,/,
= _ W\ = _ R=5um W\
5] _ _R=10um (NY [S] i Ny
O | i — l“/‘ [&] H R=10 - N l‘ b
10 — — Riz20um K (“‘“” 10 - oo ! (\““”
W X Iy J W X — I J
10 R=30 um \ ,\\‘ ) 10 _ _R=20um \ ,\\‘ !
Re=0.1 1\\,’ Ri=30 um 1\\”
Re=1 “ Re=0.5 "
107 Re=5 ! . 107 Re=1 ! .
Re=10 Re=5
Re=20 Re=10
Re=50 Re=20
10_14 -3 ‘—2 ‘—1 ‘ 0 10—14 -~ ‘—2 ‘—l ‘ 0
10 10 10 10 10 10 10 10 10 10

ACPD
9, 2204122101, 2009

In-cloud scavenging
in ECHAM5-HAM

B. Croft et al.

Aerosol Radius [um] Aerosol Radius [um]

Fig. 2. Impaction scavenging kernels (cm®s™") for in-cloud ice crystal-aerosol collisions as
a function of ice crystal Reynold’s number following Miller and Wang (1991) (solid lines), and for
both columns and plates. The dashed lines are for droplet—aerosol collisions. The prescribed
ice crystal collection kernels of Hoose et al. (2008a,b) are shown by the red steps.
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Fig. 3. Histograms of the frequency of occurrence of the stratiform in-cloud mass and number
scavenging ratios for the simulation DIAG-FULL, including both nucleation and size-dependent
impaction scavenging for the internally mixed/soluble Aitken (KS), accumulation (AS), and
coarse (CS) aerosols modes, and for warm (T >273.15K), mixed (238.15<7<273.15K) and
ice (T <238.15K) phase clouds. The dashed line indicates the prescribed ratios of Stier et al.
(2005) used for the CTL simulation.
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Fig. 4. Zonal and annual mean sulfate (SO,), black carbon (BC), particulate organic matter

(POM), sea salt (SS), and dust (DU) mass (g m3, exceptgS m~2 for sulfate) contained in cloud
droplets and ice crystals for the simulation CTL and the percent change in these scavenged
masses for the simulations DIAG-FULL and PROG-AP as compared to the CTL simulation.
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Fig. 5. The zonal and annual mean transfer rates (ugm™2s~", except ugSm=—=s~" for sulfate)

between the interstitial, in-droplet and in-crystal aerosol modes for the simulation PROG-AP
due to the processes of emission/formation from gas phase, droplet and ice crystal nucleation,
droplet freezing, aerosol collisions with droplets and ice crystals, below-cloud and in-cloud wet
deposition, dry deposition, and sedimentation.
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Fig. 6. Zonal and annual mean count median aerosol radius (nm) for the CTL simulation for
the four soluble/internally mixed modes, nucleation (NS), Aitken (KS), accumulation (AS), and
coarse (CS), and the percent change of the zonal and annual mean count median aerosol ra-
dius for the simulation DIAG2 relative to the simulation DIAG1, and for DIAG-FULL and PROG-
AP simulations relative to the CTL simulation.
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Fig. 7. The zonal and annual mean sulfate (SO,), black carbon (BC), particulate organic matter
(POM), sea salt (SS), and dust (DU) mass mixing ratios (ugkg ™", except ugSkg™" for sulfate)
for the simulation DIAG-FULL and the percent change in these masses for the simulations
DIAG-FULL and PROG-AP as compared to the simulation CTL.
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Fig. 8. The geographic distribution of the ratio of the vertically integrated number burdens for
the four soluble/internally mixed modes (nucleation (NS), Aitken (KS), accumulation (AS), and
coarse (CS)) for the simulations F100, DIAG-FULL, and PROG-AP as compared to the CTL
simulation. For the PROG-AP simulation, these are interstitial mode number burdens only.
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Fig. 9. The geographic distribution of sulfate (SO,), black carbon (BC), particulate organic
matter (POM), sea salt (SS) and dust annual mean wet deposition (kgha ' yr™', except
kgS ha™ yr'1 for sulfate), and total precipitation for the DIAG-FULL simulation, and the percent
change for the simulations DIAG-FULL and PROG-AP as compared to the CTL simulation.
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Fig. 10. The annual mean sulfate wet deposition (kg SO, >ha™" yr™') grouped by global region
from observations (Dentener et al., 2006a) as compared to the simulations CTL, DIAG-FULL
and PROG-AP.
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Fig. 11. The annual mean sulfate wet deposition (kg SO, > ha™' yr™') grouped by global region
from observations (Dentener et al., 2006a) as compared to the simulations CTL, DIAG-FULL

and PROG-AP.
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Fig. 12. The geographic distribution of annual mean aerosol optical depth (AOD) at 550 nm
from the composite MODIS, MISR, AERONET dataset compiled by van Donkelaar et al. (2009)
and the percent difference for the simulations CTL, DIAG-FULL, and PROG-AP as compared

to the observations.
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Fig. 13. Zonal mean aerosol size distributions in the marine boundary layer for the simula-
tions CTL, DIAG-FULL, and PROG-AP as compared to the observations of Heintzenberg et al.

(2000), and similar to Fig. 8 of Hoose et al. (2008a).
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paigns over the Americas, described in detail in Koch et al. (2009), and for the simulations
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