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Abstract

Black carbon (BC) and mineral dust are among the dominant atmospheric ice
nuclei, i.e. aerosol particles that can initiate heterogeneous nucleation of ice crystals.
When released, most BC and dust particles are externally mixed with other aerosol
compounds. Through coagulation with particles containing soluble material and
condensation of gases, externally mixed particles may obtain a coating and be
transferred into an internal mixture. The mixing state of BC and dust aerosol particles
influences their radiative and hygroscopic properties, as well as their ability of building
ice crystals.

We introduce the new aerosol microphysics submodel MADE-IN, implemented within
the ECHAM/MESSy Atmospheric Chemistry global model (EMAC). MADE-IN is able
to track separately mass and number concentrations of BC and dust particles in their
different mixing states, as well as particles free of BC and dust. MADE-IN describes
these three classes of particles through a superposition of seven log-normally
distributed modes, and predicts the evolution of their size distribution and chemical
composition. Six out of the seven modes are mutually interacting, allowing for the
transfer of mass and number among them. Separate modes for the different mixing
states of BC and dust particles in EMAC/MADE-IN allow for explicit simulations of
the relevant aging processes, i.e. condensation, coagulation and cloud processing.
EMAC/MADE-IN has been evaluated with surface and airborne measurements and
performs well both in the planetary boundary layer and in the upper troposphere and
lowermost stratosphere. Such a model represents a highly appropriate tool for the
study of the concentration and composition of potential atmospheric ice nuclei.
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1 Introduction

Black carbon (BC) and mineral dust particles can foster the formation of cirrus ice
crystals at lower supersaturations than those needed for a liquid aerosol particle to
freeze (DeMott et al., 1999, 2003; Sassen et al., 2003; Mohler et al., 2006; Kaniji et al.,
2008). The solid, insoluble particles that initiate the nucleation of ice crystals are called
ice nuclei (IN). Since only a fraction of BC and dust particles is actually activated
to form ice, we use the term potential ice nuclei for denoting the total population
of BC and dust aerosols. Insoluble particles are less abundant in the atmosphere
than soluble ones. Hence, the ice crystal number concentrations in cirrus clouds can
be reduced when heterogeneous ice nucleation on insoluble particles competes with
homogeneous freezing of liquid solution aerosol (Karcher et al., 2006). This can lead
to changes in cirrus microphysical and optical properties.

BC and dust particles can be externally mixed, i.e. composed of a single species, or
internally mixed, i.e. each particle contains BC and/or dust mixed with other species.
Such an internally mixed particle could, for instance, consist of an insoluble core of BC
or dust coated with soluble material. Freshly emitted particles are mainly externally
mixed, but condensation of trace gases and coagulation with soluble particles may
transfer them to an internal mixture (Kotzick and Niessner, 1999; Weingartner et al.,
1997, 2000). This aging process allows initially insoluble aerosols to be activated to
form cloud droplets (Khalizov et al., 2009). Hence, internally mixed insoluble particles
are more efficiently removed by precipitation than externally mixed ones (Hitzenberger
et al., 2001; Zuberi et al., 2005).

Several experimental and theoretical studies showed that the presence of a soluble
coating changes the ability of BC to absorb solar radiation (Jacobson, 2001; Schnaiter
et al., 2005; Bond et al., 2006; Shiraiwa et al., 2008; Naoe et al., 2009). Others focused
on the potential of BC and dust particles to act as IN: DeMott et al. (1999) concluded
that a soluble coating may enhance the ability of BC to act as IN, while Mohler et al.
(2005) found that it may decrease the particles’ efficiency of initiating heterogeneous

2224

GMDD
3, 2221-2290, 2010

The new aerosol
microphysics
submodel MADE-IN

V. Aquila et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
[R] >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/3/2221/2010/gmdd-3-2221-2010-print.pdf
http://www.geosci-model-dev-discuss.net/3/2221/2010/gmdd-3-2221-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

nucleation of ice crystals. Hoose et al. (2008), Niedermeier et al. (2010) and Chernoff
and Bertram (2010) investigated the effect of a soluble coating on dust particles, finding
that such a coating decreases their freezing ability. More detailed knowledge of the
ice nucleation potential of atmospheric aerosol is needed to reduce uncertainties in
climate simulations associated with ice clouds. Key variables for the aerosol-induced
ice formation are the number concentration of potential ice nuclei, their size distribution
and their mixing state. Thus, a detailed representation of these three variables in global
aerosol-climate models is required.

The first methods to simulate the number concentration and size distribution of
aerosol particles were initially developed and applied within regional models, as, for
instance, the Regional Particulate Model (RPM) (Binkowski and Shankar, 1995) and
the European Air pollution Dispersion model (EURAD) coupled to the two-moment
Modal Aerosol Dynamics model for Europe (MADE) (Ackermann et al., 1998). These
methods, however, were computationally too expensive for applications in global
climate models. With the increase in computer processing capacities, more detailed
aerosol schemes were also applied on the global scale. Adams and Seinfeld (2002)
incorporated the TwO-Moment Aerosol Sectional (TOMAS) model in the GISS GCM
[I-prime global model to simulate also the number concentration and the microphysics
of sulfate aerosols. Lauer et al. (2005, 2007) coupled the microphysical aerosol model
MADE to the ECHAM4 general circulation model (GCM) and to the ECHAM5 GCM
within the MESSy framework (Jockel et al., 2006). Vignati and Wilson (2004) and Stier
et al. (2005) developed the two-moment aerosol module HAM and implemented it into
ECHAMS5. The same microphysical core was included in the MESSy framework as the
M7 submodel by Kerkweg et al. (2008). Ayash et al. (2008) implemented the sectional
Canadian Aerosol Module (CAM) into the Third Generation Canadian Climate Center
General Circulation Model (CCC GCM IlI).

Although many current global aerosol models are now able to resolve aerosol mass
and number concentrations, they usually represent the mixing state of the aerosol
components in a very simplified manner. Some models treat aerosols as completely
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internally mixed (Adams et al., 1999), others as externally mixed (Chin et al., 2000), and
some track separately hydrophobic, i.e. externally mixed, and hydrophilic, i.e. internally
mixed, BC, while assuming a fixed turnover rate from the external into the internal
mixture (e.g., Lauer et al., 2005; Lohmann et al., 1999; Koch, 2001).

Only a few models explicitly resolve the mixing state of BC particles by simulating
the relevant aging processes: Jacobson (2001) developed a model that distinguishes
between the two mixing states, and even among particles with different core to shell
thickness ratio, but this model is computationally too expensive to be used for long-
term global climate simulations. KAMM/DRAIS-MADEsoot (Riemer et al., 2004) is a
mesoscale model that simulates mass and number concentrations of soluble aerosol
and of internally and externally mixed BC particles. The aerosol model MADRID-
BC (Oshima et al., 2009) can simulate changes in the BC mixing state resulting
from condensation and evaporation processes. The stochastic particle-resolved
model PartMC-MOSAIC (Riemer et al., 2009) explicitly resolves the composition of
individual particles in a given population of different types of aerosol particles and
hence tracks the evolution of the mixing state of particles due to emission, dilution,
condensation, and coagulation. However, MADRID-BC and PartMC-MOSAIC have
not been implemented into a regional or global model yet.

Among the global aerosol-climate models, ECHAM5/HAM (Stier et al., 2005) and
GISS-ModelE/MATRIX (Bauer et al., 2008) resolve the mixing state of BC and dust
particles. HAM distinguishes between internally and externally mixed BC and dust,
but cannot predict the fraction of the total aerosol that does not contain any insoluble
component. MATRIX simulates an aerosol population composed of soluble particles,
externally and internally mixed BC and externally and internally mixed dust. However,
the model does not perform well when compared to measurements especially in the
upper troposphere and lowermost stratosphere (UTLS), which is highly relevant for
ice clouds. The mass concentration of BC, for instance, is systematically too large
when compared to the vertical profiles observed by Schwarz et al. (2006, 2008).
The global aerosol-climate models EMAC-GMXe (Pringle et al., 2010) and EMAC-M7
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(Kerkweg et al., 2008) use the same aerosol description and microphysical core as
ECHAMS5/HAM, hence, while simulating internally and externally mixed BC, cannot
provide the number concentration of completely soluble particles.

In this work we present the new aerosol microphysics submodel MADE-IN (modal
aerosol dynamics model including ice nuclei modes). MADE-IN is implemented
within the ECHAM/MESSy Atmospheric Chemistry global model (EMAC, Jockel et al.,
2006). EMAC/MADE-IN keeps track of aerosol particles with different freezing ability,
simulating separately number, mass and size distributions of externally and internally
mixed potential IN and of BC- and dust-free aerosol. The resulting global aerosol-
climate model EMAC/MADE-IN provides a good description of aerosol both in the lower
troposphere and in the UTLS, and is therefore a well suited tool for the characterization
of the IN population. The new model is described in Sect. 2. Section 3 shows the
evaluation of the model with measurements. We compare the model with measured
vertical profiles of aerosol concentrations and with surface measurements of aerosol
mass, numbers and size distributions. A comparison with results from other global
models is also presented in Sect. 3. Section 4 gives an example of a possible
application of EMAC/MADE-IN, and Sect. 5 presents the main conclusions of this study.

2 Model description
2.1 The aerosol microphysics model MADE-IN

MADE-IN is an aerosol dynamics model that allows for simulations of number
concentration, size distribution and chemical composition of the atmospheric aerosol.
Following the concept implemented by Riemer et al. (2003) in the frame of a regional
model for the south-western part of Germany, MADE-IN extends the original Modal
Aerosol Dynamics Model for Europe (MADE) to the simulation of the mixing state of
potential IN (black carbon and mineral dust particles). MADE has been developed as
a part of the European Air Pollution Dispersion model system (EURAD) by Ackermann
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et al. (1998). Its core is based on the Regional Particulate Model (RPM) of Binkowski
and Shankar (1995), who applied a modal representation of aerosol microphysical
processes (Whitby et al., 1991) for studies of the North America region. MADE was
coupled to the general circulation model ECHAM4 by Lauer et al. (2005) and Lauer
and Hendricks (2006), and later to ECHAMS by Lauer et al. (2007) in the framework of
the model system MESSy (Jockel et al., 2005). The ECHAM5 version has been used
here as the basis for the development of MADE-IN.

The original aerosol microphysics model MADE describes the aerosol size
distribution as a superposition of three log-normal modes: an Aitken mode, typically
containing particles smaller than 100 nm, an accumulation mode, with a typical size
range of 100nm to 1 um, and a coarse mode, for particles typically larger than 1 um.
All particles are assumed to be spherical and internally mixed. The Aitken and the
accumulation modes are composed of SO,, NH,, NOj, particulate organic matter
(POM), water, BC and sea salt. Additionally, the accumulation mode may also contain
mineral dust. The coarse mode is composed of water, mineral dust and sea salt.
The model includes two separate representations for hydrophilic and hydrophobic
BC and for hydrophilic and hydrophobic POM. MADE does not explicitly simulate
the transformation of hydrophobic into hydrophilic particles, but includes a simplified
representation of the aging process according to an exponential decay with an e-folding
time of one day. Mineral dust is assumed to be completely hydrophobic. Since MADE
focuses on the characterization of sub-micrometer aerosol, whose evolution is in a first
order approximation not strongly influenced by coarse mode particles (Binkowski and
Roselle, 2003), interactions of the coarse mode with the smaller modes are neglected.
MADE-IN follows the same basic assumptions as MADE but with an extended number
of modes to improve the representation of the aerosol mixing state. Furthermore,
MADE-IN simulates also the aging of mineral dust from hydrophobic to hydrophilic by
gaining a liquid coating. The details of MADE-IN are described below.
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2.1.1 Representation of the aerosol population

MADE-IN represents the aerosol number concentration by a superposition of seven
log-normal modes. The particle number concentration n(D) within each mode follows
a log-normal distribution:

2
n(D):ﬂ:Lexp _M (1)
db V21 DIngy 2In’g ’

where N is the total number concentration of the mode, Dg the median diameter and o
the geometric standard deviation. A detailed description of the modal approach can be
found in Whitby and McMurry (1997). Each of the seven modes describes a different
type of particles, characterized by particle size, composition and mixing state (Fig. 1).
The seven MADE-IN modes are:

— an Aitken mode (akng) for internally mixed soluble particles. akng particles are
composed of SO4, NH,, NO;, POM and water;

— an accumulation mode (accg,) for internally mixed soluble particles. accg,
particles are composed of SO,, NH,, NO3, POM, water and sea salt;

— an Aitken mode (akn,,;) for BC particles without or with only a thin soluble coating,
following the definition given in Sect. 2.2. Particles with a thin coating probably
show similar hygroscopic properties as externally mixed particles (Weingartner
et al., 1997; Khalizov et al., 2009). Therefore we generally refer to these particles
as externally mixed BC particles or externally mixed IN. The coating is composed
of the same species as present in akng;

— an accumulation mode (acc,;) for particles composed of BC and dust without or
with a thin soluble coating (externally mixed BC and dust or externally mixed IN).
The coating is composed of the same species as present in accg;
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— an Aitken mode (akn,,,) for BC particles with a thick coating. We refer to these
particles as internally mixed BC particles or internally mixed IN;

— an accumulation mode (acc,,) for BC and dust particles with a thick coating
(internally mixed BC and dust particles or internally mixed IN);

— a coarse mode (cor) for particles typically larger than about 1 pm and composed
of water, sea salt and dust.

Within one mode, it is assumed that all particles have the same composition. The
seven modes of MADE-IN are summarized and compared to MADE in Fig. 2. Aerosol
mass and number can be transferred among the 6 sub-micrometer modes. If, for
instance, Aitken mode particles grow into the size range of the accumulation mode,
a part of the mass and number concentration of the Aitken mode is transferred to
the accumulation mode; if externally mixed BC or dust particles acquire a soluble
coating large enough to become internally mixed, they are transferred to the internally
mixed modes with BC and dust. As MADE, MADE-IN simulates the evolution of
the coarse mode independently of the sub-micrometer modes, in order to reduce
the computational demand. Internally and externally mixed BC or dust particles are
assumed to be hydrophilic and hydrophobic, respectively. The standard deviation of
each mode is fixed and set to 1.7, 2.0 and 2.2 for the Aitken, accumulation and coarse
modes, respectively (Hess et al., 1998; Lauer et al., 2005). MADE-IN solves prognostic
equations for the Oth and 3rd moments of each mode. The k-th moment of a distribution
is defined as

MK = /+ooDkn(InD)d(InD)

-0

= N,D_¥ex k—2|2 2
- "Yt¥g pznog: ()
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where the last equivalence holds if n(InD) is a log-normal distribution. The Oth and 3rd
moments are related to the total number N, and total volume V; of the mode through

MO = N, (3)
6
MO = v, 4
m! (4)
From Egs. (2) and (3) the diameter of the mode can be calculated as
1/3
@)
D, = M | (5)
MO exp [g In? og]

Hence, the knowledge of the Oth and 3rd moments identifies the evolution of the mode.
2.1.2 Aerosol microphysics

The aerosol processes simulated by MADE-IN are the following:
— condensation of sulfuric acid vapor and organic gases onto pre-existing aerosol;

— nucleation of sulfuric acid (H,SO,(g)) and water vapor forming new sulfate
particles;

— coagulation of aerosol particles;

— gas/aerosol partitioning, i.e. the partitioning between nitric acid (HNO3(g)) and
ammonia (NH3(g)) in the gas phase and nitrate (NO3) and ammonium (NH,) in
the aerosol liquid phase, respectively, and the uptake of aerosol liquid water.

The individual representations of these processes are described below. MADE-IN, as
most aerosol models, uses the operator splitting approach, i.e. treats the microphysical
processes consecutively within each time step. The order of the processes is chosen
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depending on their typical time scales. As in the base model MADE, gas/aerosol
partitioning is calculated first, followed by condensation, nucleation and coagulation.
These processes change the aerosol mass and number, possibly inducing changes
in the median diameter of the mode (Eq. 5). This allows the Aitken mode particles
to grow into the size range of the accumulation mode (Lauer et al., 2005). The
aerosol model, then, assigns a fraction of the mass and number from the Aitken
to the accumulation mode (mode merging, see below). Furthermore, gas/aerosol
partitioning, condensation and coagulation can create or enlarge the coating on
externally mixed BC and dust particles, eventually transferring them to an internal
mixture. MADE-IN simulates this aging of BC and dust particles by assigning the mass
and number concentration of the externally mixed mode to the internally mixed modes
with BC and dust, once the mass of the coating reaches a critical fraction (Sect. 2.2).

The prognostic equations for the number concentration of each mode, corresponding
to the Oth moment, are

oN; oN, ON,; oN, oN;
= R(NI) + + + + 4 (6)
ot ot nucl ot coag ot growth ot aging
ON,
=1 = Wear). @)

where / = akngg, @CCqq, aKNgyt, 8CCqyt, KNy, 8CChmix- A (N;) represents the change in
the number concentration of the mode / due to transport, emissions, sedimentation and
dry and wet deposition. These processes are not included in the aerosol submodel,
but are handled by other submodels within the global system EMAC (Sect. 2.3,
Table 1). The other terms correspond to the change in the number concentration due
to nucleation of H,SO,, coagulation, mode merging and aging, respectively.

The equations for the mass mixing ratios C, ; of the species x in the mode / are
derived from the evolution of the 3rd moment of each mode, assuming that all particles
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within one mode have the same composition. The equations are

acC, ; ocC, ; ocC, ; ocC, ; ocC, ; ocC, ; ocC, ;

ax,/ _ H(Cx,i) + ax,/ + ax,/ + ax,/ + ax,/ + ax,/ 0)(,/ ’ (8)
t t a/p t cond t nucl t coag t growth t aging

acx cor
ot =R (Cx,cor) 9)

R(C, ;) represents the change in the mass concentration of species x in mode / due
to transport, emissions, sedimentation, dry deposition, wet deposition and chemistry.
Besides the terms describing the change in the mass concentration due to nucleation,
coagulation, mode merging (growth) and aging, Eq. (8) includes also the terms

oC, and oC, ;
ot ot

a/p cond

which describe the changes in NO3, NH, and H,O due to mass exchange between
gas and particle and the increase in SO, and POM due to condensation of gases,
respectively. These processes are not considered in Eq. (6) since they have no direct
effect on the particle number concentration in the model.

Gas/aerosol partitioning

The partitioning of nitric acid (HNO3) and ammonia (NH3) between gas and particle
phase (NO; and NH,) as well as the uptake of aerosol liquid water is calculated
using the computationally efficient equilibrium model EQSAM (Metzger et al., 2002a,b).
EQSAM assumes that the equilibrium activities of atmospheric aerosol species are
controlled by relative humidity (RH), allowing for a parameterization of single solute
molalities and activity coefficients only dependent on the type of solute and RH.
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Since the equilibration time increases with particle size (Meng and Seinfeld,
1996), MADE-IN applies EQSAM first to the Aitken modes and subsequently to the
accumulation modes. The three modes within the respective modal size range (Aitken
or accumulation mode) can show similar particle sizes, therefore the partitioning is
calculated for the overall mass within each size range. That is, the mass concentrations
of SO4, NO3, NH, and sea salt, respectively, in the three Aitken modes are summed
and the partitioning is then calculated for the total mass concentration of each
compound. Aerosol liquid water, NO5 and NH, calculated by EQSAM are then divided
among the three Aitken modes according to their original relative contributions to the
soluble material. The accumulation modes are treated in the same way. By this
mechanism, a fraction of NO;, NH, and water mass can be assigned also to the
externally mixed modes, which can lead to the growth of their coating.

The partitioning between gas and aerosol does not change the aerosol number
concentration, but alters the aerosol mass concentration of NOz, NH, and water in the
sub-micrometer modes. The terms of Eq. (8) corresponding to gas/aerosol partitioning
are

0Cno,,i
ot

OCnH, i
ot

0Ch,0.i

and
ot

a/p

a/p a/p

where / identifies the individual sub-micrometer modes.

Condensation of sulfuric acid and organic vapor

The condensation of sulfuric acid and organic vapor on pre-existing particles is
calculated following Whitby et al. (1991). The mass of particulate SO, and POM
gained from condensing vapor in each mode is proportional to the growth rate of
the third moments Gfs) = 6Mf3)/6t, which are calculated as the harmonic mean of
fluxes for the free-molecular and near-continuum regimes for each mode and each
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condensable species. The growth rates Gfs) depend on the first and second moments
of the aerosol modes, the vapor pressures and diffusion coefficients of sulfuric acid and
organic gases, their sticking coefficients for soluble and insoluble particles, as well as
other thermodynamic parameters such as the mean molecular velocity. The terms of
Eq. (8) corresponding to condensation of vapor are included in the model as

e
9Cs0,.i _ 7s0,; ACh,s0, 10)
ot 56 -0 At
cond 2;- 1930,
(3)
9CpOM,; _ G50A;  ACso (1)
ot 56 0 At
cond Z,- 1GSOA/

where / and j runs over each of the six sub-micrometer modes and At is the time step.
While the amount of condensing sulfuric acid vapor ACH SO, is calculated analytically
from its production and loss rate (Whitby and McMurry, 1997) the condensable organic
material ACgp, is considered as an effective emission (Dentener et al., 2006).

Nucleation

The binary nucleation of water and sulfuric acid is parameterized following Vehkamaki
et al. (2002). The nucleation rate of new particles depends on temperature, relative
humidity and the concentration of sulfuric acid vapor. The nucleation scheme is called
by the model after condensation has been considered. Hence, only the amount of
sulfuric acid vapor not consumed by condensation is available for nucleation of new
particles. The used parameterization is applicable for temperatures in the range
of 190.15-300.15K, for relative humidities of 0.01%—100%, and sulfuric acid vapor
concentrations of 10% - 10" moleculescm™. The resulting nucleation rate is in the
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range of 107" -10"° particles cm3s™". The mass production corresponding to the

nucleation rate is calculated assuming that the freshly nucleated particles are log-
normally distributed with wet median diameter 3.5nm and standard deviation of the
Aitken mode. Nucleation can result in a large contribution to the total number of
particles in the Aitken mode. The simulated effects on particle mass concentration,
however, are mostly small (Lauer and Hendricks, 2006). The freshly nucleated sulfate
particles are assigned to the Aitken mode without BC and dust. The corresponding
terms in Eqgs. (6) and (8) are

6Nakn
=J(T,RH,C , 12
ot nucl < HZSO4> ( )
OCSO ,akn 9
0—; | =J (T, RH,CHZSO4> ms 5(RH)exp [Elnzaakn] ) (13)
nuc

where J is the nucleation rate and m5 5 denotes the mass of sulfate contained in a
spherical particle with a wet diameter of 3.5 nm, calculated as a function of the relative
humidity fitting experimental data (Vehkamaki et al., 2002).

Coagulation

Coagulation is the process of collision and sticking of aerosol particles and the resulting
formation of larger particles. The coagulation rates in the model are calculated for
spherical particles as a function of the median diameter of the coagulating modes
following Binkowski and Shankar (1995). The rates are higher for interactions between
particles with different diameters than for particles of the same size. Only coagulation
due to Brownian motion is considered and it is assumed that the aerosol distribution
remains log-normal after the coagulation process. MADE-IN simulates the coagulation
between particles of the same mode (intramodal coagulation) and of different modes
(intermodal coagulation).
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The following assumptions are made:

— particles resulting from intramodal coagulation remain in the same mode as the
coagulating particles;

— particles resulting from intermodal coagulation are assigned to the larger of the
coagulating modes;

— particles resulting from coagulation of a BC and dust free mode (akng or accg,)
and an internally mixed mode with BC or dust (akn,,, or acc,,) are assigned to
akn,ix Or acCpix;

— particles resulting from coagulation of an externally mixed BC and dust mode
(akngy Or accg,;) and an internally mixed mode (akn,yy, 8CCniy, akNgy OF aCCqy)
are assigned to akn, or acc,,, if the soluble mass fraction of the new particle
exceeds a given threshold (Sect. 2.2). Otherwise, the new particle is assigned to
the coagulating externally mixed mode.

Figure 3 shows all possible coagulation pathways considered in the model as
well as the modes the new particles are assigned to. While intramodal coagulation
conserves the mass of the mode, intermodal coagulation can change both the modes’
number and mass concentrations. If, for instance, a large enough soluble particle
from accg, coagulates with an externally mixed BC particle from akng,, the resulting
aerosol will be an internally mixed BC particle in the acc,,;, mode. The mass and
number concentration of accg, and akn,,; will decrease, while the mass and number
concentrations of acc,;, increase. The coagulation terms in Egs. (6) and (8) are

oN;| 9N LN, | 14
Ot loag O linter-coag @t lintra—coag

6C,;|  _ 9Cy, =_6Lf‘”c | 5)
6 |y 08 lercong m®@ 0F
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Particle growth

The microphysical processes simulated by MADE-IN can induce changes in the
median diameter of the modes, so that the Aitken mode and the accumulation mode
may overlap and become indistinguishable over time. To avoid this, a fraction of
the Aitken mode is then transferred to the accumulation mode, and the new median
diameters are calculated from Eqg. (5). This algorithm is called mode merging.
MADE-IN performs mode merging between akng, and accg,, between akn,,; and
acc,,; and between akn,,,;, and acc,;,. If the growth rate of the 3rd moment of the Aitken
mode becomes larger than the one of the accumulation mode, MADE-IN transfers the
number of Aitken mode particles larger than D), to the accumulation mode, where Dy,
is the intersection diameter between the number distributions of the Aitken and the
accumulation modes. The number of particles with diameter smaller than D is given by

N. N In(D/D,
N(D)= — + —erf u , (16)
2 2 V2ing,
where the error function erf(z) is defined as
2 V4
erf(z) = —/ e"lqu, (17)
7 Jo

with erf(0) = 0 and erf(oo) =1. In a similar manner, the mass of the Aitken mode
particles larger than D, is transferred to the accumulation mode, where D,, is the
intersection diameter of the Aitken and accumulation mode volume distributions.

2.2 Aging of black carbon and dust particles

Coagulation and condensation of gases on externally mixed BC and mineral dust can
create a coating around these particles and, therefore, transfer them to an internal
mixture (e.g., Okada et al., 2005; Moteki et al., 2007). Photochemical reactions can
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also contribute to the aging of externally mixed BC particles, transforming the surface
from hydrophobic to hydrophilic. While Weingartner et al. (1997) showed that aging via
photochemical reactions is usually less efficient than via coagulation or condensation,
Kotzick and Niessner (1999) stated that oxidation by ozone could be more important
than coagulation in the change of the hygroscopic behavior. However, they used a high
0zone concentration compared to typical tropospheric values.

In most global aerosol models the transformation of BC and dust from external to
internal mixture is simulated in a very simplified way, assuming a fixed turnover rate.
Lauer et al. (2005), Lohmann et al. (1999) and Koch (2001), for instance, assumed that
the externally mixed BC is transformed into an internal mixture following

_1t=
Cext BC(t) = Cext BC(tO)e a tO)- (18)

The e-folding time 7 was assumed to be 24 h by Lauer et al. (2005), 40 h by Lohmann
et al. (1999) and 43h by Koch (2001). In contrast, the 6 sub-micrometer modes of
MADE-IN allow to keep track of externally and internally mixed BC and dust throughout
the calculation of aerosol microphysics. MADE-IN can explicitly simulate aging of BC
and dust by condensation of SO, and organic material, coagulation as well as uptake
of nitrate, ammonium and water. If the amount of soluble mass (SO,, NH,, NO3, POM,
H,O, sea salt) in an externally mixed mode / is larger than a critical relative fraction x
of the total mass of the mode, the whole mass and number of mode / are transferred to
the internally mixed Aitken and accumulation modes with black carbon and dust(akn,;y
and acc,,). The intersection diameter between akn,, and acc,,, is calculated: the
externally mixed particles smaller than this diameter are assigned to akn,,,, the others
to acc,,- The mass fraction x is a free parameter of the model. Weingartner et al.
(1997) and Khalizov et al. (2009) presented experimental studies on the properties
of externally and internally mixed BC, suggesting that particles with a soluble mass
fraction larger than 10% show a hygroscopic behavior. Following these results, in this
study x is set to 10%.
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Aging of black carbon and dust particles can also occur due to cloud processing
(Matsuki et al., 2010). Externally mixed black carbon and dust particles incorporated in
cloud droplets can remain as immersions within liquid cloud residual aerosol after cloud
evaporation. Therefore, the scavenging submodel SCAV (Sect. 2.3) has been modified
to simulate this process. Externally mixed BC and dust particles that are scavenged
by cloud droplets but not removed by precipitation are assumed to be aged after the
evaporation of the cloud, and are transferred to the internally mixed modes. A cloud
droplet formed by an activated soluble accumulation mode particle can scavenge an
Aitken mode particle containing BC. If the cloud droplet evaporates, the mass of the two
particles in the cloud droplet is transferred to the internally mixed BC and dust modes.
The number Ny, of soluble particles that become mixed with BC or dust after cloud
processing is calculated from the number concentrations of the scavenged particles:

cl) ’ (19)

cl

cl ( Naknmix

where the number concentrations labelled with index “cl” only refer to aerosol taken
up by cloud particles. Equation (19) assumes that only accumulation mode particles
can be activated, and that scavenged Aitken mode BC particles are homogeneously
distributed among the scavenged accumulation mode particles. Note that the Aitken
mode does not contain mineral dust, due to the comparatively large dust particle size.

cl N, acCqg ol

Nirans =Min | Nige

sol akn ext

aCCynt

2.3 The ECHAM/MESSy Atmospheric Chemistry model

The ECHAM/MESSy Atmospheric Chemistry model (EMAC) is a numerical chemistry —
climate simulation system that includes submodels describing tropospheric and middle
atmosphere processes (Jockel et al., 2005, 2006). It uses the first version of the
Modular Earth Submodel System (MESSy1) to link multi-institutional computer codes.
The core is the 5th generation of the European Centre Hamburg general circulation
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model ECHAMS (Roeckner et al., 2003). ECHAMS is a spectral model based on
the primitive equations for momentum, temperature and moisture. The prognostic
variables are vorticity, divergence, temperature, specific humidity and logarithm of
the surface pressure. Except for the specific humidity, which is calculated in the
grid point space, the prognostic variables are represented in the spectral space by
a truncated series of spherical harmonics. The chosen truncation determines the
horizontal resolution of the model.

For the present study we apply EMAC (ECHAMS5 version 5.3.01, MESSy version
1.4) in the T42L19-resolution, i.e. with a spherical truncation of T42, corresponding to
a quadratic Gaussian grid of approximately 2.8 by 2.8 degrees in latitude and longitude,
and 19 vertical hybrid pressure levels. The atmosphere up to 10 hPa is divided in non-
equidistant levels with a hybrid representation that follows the orography close to the
surface and flattens in the UTLS. The standard ECHAMS time step for the resolution
T42L19 is 30 min, but it has been set here to 24 min to reach a higher model stability.
The model results shown in this work are climatological averages over 10 years of not
nudged simulations (free running climate mode) after a spin-up period of one year.
The assumed sea surface temperatures and ice cover fractions are based on the
climatological mean of the Hadley Center data set (Rayner et al., 2003) over the period
1995-2004.

The applied model set-up comprises the submodels listed in Table 1. The gas- and
liquid-phase chemistry is calculated by the submodels MECCA (Module for Efficiently
Calculating the Chemistry of the Atmosphere, Sander et al., 2005) and SCAV (Tost
et al., 2006a, 2007), respectively. The model set-up used in this work includes a basic
tropospheric background gas-phase (NO,, HO,, CH,, CO, O3) and sulfur chemistry
(DMS, SO,). The complete list of reactions and equilibria simulated in these work is
included in the supporting material. The amount of H,SO,, nitric acid and ammonia
used by MADE-IN for condensation and gas/aerosol partitioning is provided online by
EMAC.
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The emissions of aerosol and aerosol precursors are simulated by the submodels
ONLEM and OFFLEM (Kerkweg et al., 2006b), which are responsible for online and
prescribed (offline) emissions, respectively. We use prescribed emissions for all
species except for sea salt and dimethilsulfide (DMS), which are handled as described
below. The emissions of trace gases other than SO, and DMS are chosen according
to the EDGARV3.2-FT2000 inventory. The emission total are reported in Pozzer et al.
(2007). We use the emissions of aerosols and SO, for the year 2000 as recommended
by Dentener et al. (2006) for the AEROCOM project. 80% of the emitted BC is assumed
to be hydrophobic and is, therefore, assigned to the externally mixed modes akng,
and accgy. The remaining 20% is assigned to the internally mixed modes akn,;,, and
acc,x- We assumed the size distributions suggested by Dentener et al. (2006) for the
emissions of primary particles. The emitted dust is completely assigned to the coarse
mode and to the externally mixed accumulation mode acc,,;, since the major emission
regions of dust are usually poor of soluble material.

In the present model set-up sea salt and marine DMS are emitted online, i.e. the
emissions are calculated from simulated model variables (Kerkweg et al., 2006b).
Following Guelle et al. (2001), the mass and number fluxes of sea salt are calculated
as a function of wind speed at 10 m using the empirical formulas by Monahan et al.
(1986) for particles smaller than 4 um and by Smith and Harrison (1998) for particles
larger than 4um. Sea salt particles are assigned to the soluble accumulation and
coarse mode (accg, and cor). Marine DMS emissions are calculated online using the
empirical formula by Liss and Merlivat (1986) as a function of DMS concentrations in
water and wind speed at 10 m.

For our simulations we use the double-moment cloud microphysics scheme by
Lohmann (2002), with extensions by Lohmann and Karcher (2002), which is not part of
the standard EMAC. The cloud scheme considers the cloud liquid water content, cloud
ice water content, and the number concentrations of cloud droplets and ice crystals
as prognostic variables. The number of aerosols activated to form cloud droplets is
calculated by MADE-IN following Abdul-Razzak and Ghan (2000) and is used as input
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for the cloud microphysics scheme. We assume that only hydrophilic particles can be
activated to form cloud droplets.

The scavenging of aerosol particles is parameterized by the submodel SCAV (Tost
et al., 2006a, 2007). SCAV simulates nucleation and impaction scavenging of aerosol
particles both in convective and large-scale clouds. We consider externally mixed
BC and dust particles as hydrophobic, and, therefore, they are not scavenged via
nucleation scavenging. We extended the standard version of SCAV included in
MESSy 1.4 for a more detailed description of UTLS processes. In the original version
of SCAV the aerosol that has been taken up by cloud particles (liquid water droplets
or ice particles) is washed out according to the rain formation rate. Snow formation is
neglected. This simplification is accurate enough in the lower troposphere, where snow
is less frequent than rain. In the UTLS, however, the consideration of snow formation
is crucial. Hence, this approach leads to an underestimation of aerosol wet removal.
We modified SCAV in order to consider also aerosol removal in clouds due to snow
formation. Following Lauer et al. (2005), we assume that 5% of the soluble aerosol
mass is scavenged by ice crystals. In order to account for the ability of BC and dust
particles to act as ice nuclei, we use higher ice scavenging coefficients, equal to 10%,
for particles containing BC or dust, either internally or externally mixed.

The dry deposition of gas and aerosol is calculated by the submodel DRYDEP
(Kerkweg et al., 2006a) using the big leaf approach, depending on the near-surface
turbulence and on the properties of the surface (Ganzeveld and Lelieveld, 1995). The
sedimentation of aerosol is calculated by the SEDI submodel (Kerkweg et al., 2006a).
A simple upwind scheme and a trapezoid scheme are available to calculate the change
in particle concentration due to sedimentation. In this work we use the simple upwind
scheme, that determines the number of particles falling out of one grid box per time
step from the geometric vertical extension of the box and the terminal velocity of the
aerosol particles.
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The aerosol optical properties are calculated by MADE-IN following Lauer et al.
(2007), depending on the chemical composition and particle size. The refraction index
of each mode is calculated under the assumption of internal mixture as the average
of the refractive index of the individual species, weighted with their relative volume
contribution (Ouimette and Flagan, 1982). The refractive index and the wet radius of
the mode are used to identify the extinction cross section, single scattering albedo, and
asymmetry factor of the particles in previously generated look-up tables. The look-up
tables have been calculated by Lauer et al. (2007) from Mie theory using the libRadtran
code (Mayer and Kylling, 2005). The aerosol optical properties calculated by MADE-IN
are then used by EMAC in the calculation of the short and long-wave radiation fluxes.

3 Comparison with observations

In the present study, EMAC/MADE-IN was applied as described in Sect. 2.3. The
aerosol population simulated with this model set-up for the lower troposphere is very
similar to the one calculated by EMAC/MADE, which has been extensively evaluated
with observations (Lauer et al., 2005, 2007). However, the new representation of
aerosol and different parameterizations of aerosol sinks introduced in EMAC/MADE-IN
makes a reevaluation of the model system necessary, particularly in the UTLS region,
where ice formation is of major importance. While EMAC/MADE is mainly designed to
model lower tropospheric aerosol, EMAC/MADE-IN aims at describing aerosols also
at higher altitudes. Comparisons with experimental data show that EMAC/MADE-IN
reproduces observed aerosol properties reasonably well both in the lower troposphere
and upper troposphere/lowermost stratosphere.

3.1 Aerosol mass concentration

The vertical profiles of the simulated aerosol mass concentrations are compared with
measurements taken with an airborne Single Particle Soot Photometer (SP2) over
Texas by Schwarz et al. (2006) in November 2004, over Costa Rica during the CR-AVE
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(Schwarz et al., 2008) and TC4 campaigns (Spackman et al., 2010) in February 2006
and August 2007, respectively, and over northern Europe during the CIRRUS campaign
(Baumgardner et al., 2008) in November 2006. Figure 4 shows the comparison
of simulated and measured mass concentrations of BC, total aerosol and particles
with no detectable BC. Mean and standard deviation are not always well suited to
capture the variability of the data, because the distributions of aerosol mass can
be non-Gaussian or strongly asymmetric. Hence, medians and percentiles are also
plotted when available. For clarity, only positive standard deviations are drawn for the
simulated concentrations as well as for the CIRRUS data.

The simulated mass mixing ratios shown in Fig. 4 represent climatological 10-year
means simulated by EMAC/MADE-IN for the month the campaign took place. In
the case of the Texas campaign and of CIRRUS, the exact profiles of the flights
are available, and we considered the aerosol mixing ratios of the model grid boxes
containing the flights. In the case of TC4 and CR-AVE only the boundaries of the
examined region are known, therefore the simulated profiles have been averaged over
a rectangular region containing the flight trajectory (80°-92° W, 2°~12°N for TC4 and
79°-85°W, 1°S-11°N for CR-AVE). The experimental data are averaged over 1-km
vertical bins. The observations during the CIRRUS, CR-AVE and TC4 campaigns
were obtained in cloud-free air, therefore the averages of the simulated mixing ratios
have been calculated including only those cases where the cloud cover is lower than
1%. The results are not very sensitive to this threshold: choosing a higher threshold
as, for instance, 5% or 10% results in a slight increase in the simulated aerosol
mass. Figure 4 shows also the aerosol mass mixing ratio simulated by EMAC/MADE
(Lauer et al., 2007). Up to 900 hPa (700 hPa in the case of Texas) the mixing ratios
simulated by EMAC/MADE and by EMAC/MADE-IN are similar. They diverge above
this layer, where EMAC/MADE simulates aerosol mixing ratios much higher than
both the measurements and EMAC/MADE-IN. The improvement in the simulation
of the vertical profiles is mainly due to the different representation of ice scavenging
(Sect. 2.3), which is underestimated in EMAC/MADE. The profiles simulated with
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EMAC/MADE-IN agree reasonably well with the observations, especially in the UTLS.
The simulated total aerosol mixing ratio over Texas (Fig. 4b) is larger than the observed
one, but it reproduces the observed vertical gradient quite well.

The CIRRUS campaign took place over Europe between 50°N and 70°N. The
anthropogenic aerosol sources are mainly concentrated in the southern part of this
region, causing often a strong latitudinal gradient in the aerosol concentrations. While
the simulated BC vertical profile shows lower concentrations than the measured one,
the profile of the mass concentration of BC-free aerosol is in very good agreement with
the experimental data. This discrepancy may be related to the fact that the sources of
BC free particles are more homogeneously distributed over the observed area than the
BC sources; therefore, their concentration is less sensitive to meteorological conditions
and specific transport patterns of the air masses during the campaign, which may differ
from the mean transport pattern of the model. Furthermore, BC free aerosol is to a
large fraction composed of secondary aerosol species. The concentration of secondary
aerosol species is more homogeneous, because wet deposition is less effective on the
precursor gases than on BC and hence they can be transported over long distances
before they are transformed to aerosol.

The mass concentration of BC simulated by EMAC/MADE-IN is compared with
surface measurements from various sites in Fig. 5. For each observational data point
we calculate the climatological means of all months covered by the observational time
periods in the model grid boxes containing the measurement sites. The observations
are taken from Chung and Seinfeld (2002), Cooke et al. (1999), Kohler et al. (2001),
Liousse et al. (1996) and Takemura et al. (2000). Additionally, measurements by the
Interagency Monitoring of Protected Visual Environments (IMPROVE, DeBell et al.,
2006) network are used for North America.

The ratio between simulated and observed BC concentration is mostly between 0.1
and 10. Table 2 presents the mean ratio between the simulated and the observed
concentrations. The comparison shows that the model underestimates BC mass
concentration in the Pacific area. While the emissions of BC in the other five regions are
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mainly due to fossil fuel combustion, as in North America, Southeast Asia and Europe,
or biomass burning, as in Africa and South America, the only emissions source of
BC in the Pacific Ocean is shipping. Since the signal from shipping is expected to be
small (Eyring et al., 2005), the simulated concentrations of BC represent background
BC resulting from long-range transport. Hence, either the transport patterns or the
residence time of BC over the Pacific could be misrepresented by the model. On
the other hand, since the measurements sites are often located on islands they could
be close to BC sources that are of sub-grid scale in the model. In such cases, the
large scale grid box mean values can be expected to be significantly smaller than the
observed concentrations.

The simulated mass concentrations of BC, organic carbon (OC), SO, and NO3 have
been compared with surface measurements from the IMPROVE network, an extensive
long-term program started in 1985 to monitor the visibility and aerosol conditions in the
National Parks and Wilderness Areas in the USA (Fig. 6). Each participating station
measures the total PM, 5 and PM;, mass concentrations and, for PM, 5, the mass
concentrations of sulfate, nitrate, chloride, BC and OC twice a week for 24 h. The total
SO,, NO3, BC and POM mass concentrations simulated by EMAC/MADE-IN in the
lowest level are compared to the corresponding IMPROVE PM, 5 data taken between
1995 and 2005. The simulated mass concentration of POM has been divided by the
factor 1.4 (Dentener et al., 2006) to compare it with observed OC.

The patterns of the mass concentrations of each species are well reproduced by
the model, particularly those of BC and OC (Fig. 6, first and second panels). The
maximum between north Idaho and west Montana, present in both the observations
and the model results, is probably caused by very strong forest fires that took place in
year 2000 in that region. These forest fires are included in the satellite based GFED
database that we employed. The values reproduced by the model are lower than those
observed. This may be due to the location of the IMPROVE stations: if they were
particularly close to the fires, the surface measurements may be larger than those
derived from the satellites observations. Table 3 shows the mean ratio between the
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simulated and observed mass concentrations for each compared species. In general,
the model overestimates SO,. This could be related to the fact that the IMPROVE
measurement stations are in natural parks, where air is particularly clean. Since
important sources of SO, are anthropogenic (Dentener et al., 2006), the interpolation
over the whole USA obtained from the IMPROVE data set is probably biased towards
low concentrations. Additionally, as pointed out by Stier et al. (2005), the dry deposition
scheme applied by DRYDEP (Ganzeveld et al., 1998) tends to underestimate the dry
deposition velocity for SO,, and, therefore, to overestimate the concentration of sulfate
precursors. The model tends to underestimate nitrate. A possible reason could be
that the simplified gas phase chemical scheme applied here results in lower HNO4
concentrations as suggested by more comprehensive chemistry simulations as, for
instance, by Jockel et al. (2006).

3.2 Aerosol number concentration

Vertical profiles of the aerosol number concentrations are compared with observations
taken during several campaigns. When available, median values and percentiles are
used instead of means and standard deviations to better account for the variability of
aerosol number concentrations (Sect. 3.1). Figure 7 shows the comparison of aerosol
number concentrations simulated by EMAC/MADE-IN with observations from Clarke
and Kapustin (2002) between 70° S and 70° N over the Pacific ocean. The observed
profiles average data taken during the GLOBE-2 (May 1990), ACE-1 (November 1995)
and PEM-Tropics A (September 1996) and B (March 1999) campaigns, using an
ultrafine condensation nuclei (UCN) counter to detect particles with diameters between
3nm and 3 um. The data set covers not only a very large geographical region, but also
different seasons and years and is therefore well suited for a comparison with a global
climate model. The simulated vertical profiles were calculated from climatological
means of the months of the observations (March, May, September and November) in
the grid boxes containing the measurements sites. The agreement between simulated
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and observed concentrations is reasonably good at all latitudes, especially in the UTLS.
The deviations of the observed and simulated concentrations are mostly smaller than
the corresponding variability.

The observations shown in Fig. 8a and b were taken as part of the INCA project
(Minikin et al., 2003) during nine flights departing from Prestwick, Scotland, in October
2000 and ten flights from Punta Arenas, Chile, in March and April 2000. Figure 8c
shows measurements from Petzold et al. (2002) during the LACE campaign, which took
place over the area of Berlin, Germany (13.5°~14.5° E, 51.5°~52.7° N) in August 1998.
Since the aerosol concentrations were measured only during the takeoff and landing
phase of the flights, the simulated profiles were derived for the grid box containing
the airports (4.5°W, 55.5° N for Prestwick and 71.1°W, 53° S for Punta Arenas). The
agreement between modeled and observed profiles is particularly good in the case of
Fig. 8b and 8c. Figure 8a shows an overestimation in the modeled median number
concentration above 600hPa. However, the measured and simulated data agrees
within the 25% and 75% percentiles up to 350 hPa. The model slightly underestimates
the number concentrations measured during the LACE campaign at all altitudes up to
350 hPa (Fig. 8c), but it is in very good agreement with the observations in the UTLS.

Figure 9 shows the comparison between the vertical profiles of the simulated aerosol
number and measurements from Weinzierl et al. (2009) during the Saharan Mineral
Dust Experiment (SAMUM). SAMUM was conducted in May/June 2006 over southern
Morocco with the purpose of investigating the vertical structure of dust layers and their
microphysical and chemical properties.

The flights were performed during dust storms, and the data were taken when the
relative humidity was lower than 90%. The same condition on the relative humidity
is imposed on the model data included in the calculation of the median values. In the
model set-up used for this study dust emissions are not calculated online but taken from
a fixed climatology. Thus, specific dust storm events cannot be simulated. However,
the agreement between simulated and observed number concentration is good for
the particle sizes and altitude ranges that are influenced only to a minor extent by
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the dust storm. Simulated and observed particle number in the smallest size range
are in good agreement at all altitudes (Fig. 9a). Small particles, which are mainly
composed of compounds other than dust, dominate the number concentration. Thus,
increases in the number of larger dust particles because of dust storms impact the
total number concentration in this size range only weakly. The observed profile in
Fig. 9b shows a layer up to 600 hPa where the number concentration of large particles
is much higher than in the layer above. Weinzierl et al. (2009) concluded that the
dust risen by the storm is confined to the lower troposphere because of the prevailing
meteorological conditions. The simulated concentrations agree with the unperturbed
observed concentration above 600hPa, but, as expected, EMAC/MADE-IN cannot
reproduce the concentrations perturbed by the dust storm.

3.3 Aerosol size distribution

Figure 10 shows a comparison of the modeled and observed size distributions at
different altitudes during LACE (Petzold et al., 2002). Overall, the agreement between
the two data sets is reasonably good. However, some discrepancies are apparent.
In the boundary layer and in the lower free troposphere (around 4 km altitude) the
experimental data show a clear trimodal behavior, with a coarse mode consisting of
particles larger than 1 um. This behavior is not well reproduced by EMAC/MADE-IN. A
possible reason is that the simulated coarse mode includes only aerosol water, sea salt
and mineral dust from natural sources. Coarse mode dust can also be generated by
human activities and can possibly have a large contribution, particularly over continents
in the northern hemisphere. However, in the lower boundary layer the observed coarse
mode is within the variability of the model.

Above 6 km altitude the model overestimates the number of particles with diameters
smaller than 0.02 um. This is probably due to nucleation of small SO, particles, which
becomes more important with increasing altitude. EMAC/MADE-IN assigns the freshly
nucleated particles to the soluble Aitken mode. Since the standard deviations of the
MADE-IN modes are fixed, a large injection of very small particles shifts the whole size
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distribution towards smaller diameters. The introduction of an additional nucleation
mode could improve the representation of the aerosol size distribution in such cases.

Figure 11 shows the comparison of the simulated aerosol size distribution at surface
level with the observations by Birmili et al. (2001) in Melpitz, central Germany (51°32' N,
12°56' E), for different air masses and weather conditions obtained during 17-months
period between March 1996 and August 1997. The observation site is far from major
cities, therefore the observed size distribution is rather typical for rural conditions. The
model grid box considered in this comparison spans between 50.23° N and 53.50° N
and between 9.84°E and 12.66°E. Since such a large area includes also polluted
areas, the simulated number size distribution does not correspond completely to
rural conditions. This may explain the higher number concentrations simulated by
EMAC/MADE-IN, as well as the Aitken mode with very small diameters shown by
the 90% percentile line and caused by nucleation of H,SO, vapor. The simulated
size range and the order of magnitude of the median number concentration are in
agreement with the observations. Again, the introduction of an additional nucleation
mode in MADE-IN could probably lead to a better agreement with the data by Birmili
et al. (2001) for particles smaller than 10 nm.

The simulated aerosol number size distributions are also compared with aerosol
measurements collected by Van Dingenen et al. (2004). The observations were taken
at different sites in Europe during winter (Fig. 12) and during summer (Fig. 13). As
noted for Fig. 11, also in this case none of the model grid boxes represents purely rural
or urban conditions. We therefore expect higher simulated aerosol concentrations at
measurement sites characterized by rural conditions and lower concentrations at urban
sites due to the presence of both cities and rural areas in the same model box. This
expectation is confirmed at all sites. Taking this into account, EMAC/MADE-IN agrees
reasonably well with the observed number size distributions. As for the comparison
with the size distributions from Petzold et al. (2002) (Fig. 10) and Birmili et al. (2001)
(Fig. 11), the simulated Aitken mode often shows too high number concentrations
for particle diameters smaller than 5nm, especially in urban areas and in summer,
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when the larger insolation favors the formation of SO,. This could be related to a too
effective nucleation process.

3.4 Mixing state of black carbon particles

Not many measurement techniques are capable of resolving the mixing state of
insoluble particles. Schwarz et al. (2008) present data taken during the CR-AVE
campaign with the SP2 instrument, showing the BC number fraction contributed by
internally mixed BC particles. The comparison between simulated and observed BC
mixing state is complicated for several reasons. First, the SP2’s ability to detect the
presence of internally mixed mass associated with a BC core depends on the mass
of the BC component. Quantification of this ability requires the adoptions of several
assumptions as refraction index and density and the use of Mie theory, modeling the
particles as concentric coated spheres. Hence this ability is not well-characterized
(Schwarz et al., 2008). Second, the mixing state of BC particles can be determined
from that SP2 data only for particles with a BC core in the size range of 100-250 nm,
corresponding to only a slice of the MADE-IN accumulation mode. Discrepancies in
the simulated and observed concentration within a particle size window could originate
from a shift in the particle median diameter, and not by a lack of particles. Furthermore,
the SP2 size window refers to the size of the BC cores, while the size distributions
simulated by MADE-IN refer to the size of whole particles, composed of core and
coating. Comparing only the mixing state of the simulated accumulation mode would
not be correct, since it contains also particles with BC cores outside the SP2 detection
window. Moreover, MADE-IN simulates the number concentration of potential IN, i.e.
black carbon and dust particles, therefore the simulated number concentration in the
accumulation mode includes also the number concentration of dust particles.

To allow at least for a qualitative comparison, a simulation has been performed
where no dust nor Aitken mode BC particles are emitted. In this test the simulated
IN population is composed only of BC particles that are of similar size as the ones
detected by SP2. This comparison cannot be quantitative, since the aerosol population
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generated in such a simulation is not fully realistic. Consequently, the formation of
clouds, the aerosol effect on radiation and even the aging of accumulation mode BC
could be different. However, it can help to understand whether the simulation of the
aging process is effective enough. In this simulation (BCACC90) the critical fraction of
soluble material needed to define a BC particle as internally mixed is set to 90%, which
is an estimate of the upper limit on the amount needed by the SP2 to detect a coating
(J. Schwarz, personal communication, 2008). However, this is probably in most cases
a more sensitive identification of internal mixture than that performed by the SP2. To
check the sensitivity of this comparison to the choice of the threshold for internal mixing,
we perform the same test with critical fractions of 10% (BCACC10), 50% (BCACC50)
and 80% (BCACC80). Each simulation is performed over a 5-year period after one year
spin-up. We find that the vertical profiles of the number fraction are not very sensitive to
these changes. Figure 14 shows the vertical profile of the mean soluble mass fraction in
the internally mixed BC modes, calculated for the reference simulation (REF) evaluated
in this work (critical fraction equal to 10% and complete set of emissions) along the
flight performed by Schwarz et al. (2008). The soluble mass represents more than
85% of the total mass of the mode along the whole vertical profile. This implies that
the aging processes are fast and lead to large average coatings.

Figure 15 shows the number fraction of internally mixed BC in the simulation
BCACC90. As Schwarz et al. (2008) concluded from their observations, large fractions
of BC particles in the UTLS are internally mixed. EMAC/MADE-IN simulates that
between 85% and 95% of UTLS BC particles are internally mixed, while Schwarz et al.
(2008) find fractions between 60% and 80% with values of higher statistical significance
being closer to 80%. Up to 5km altitude the fraction of internally mixed BC particles
calculated from SP2 measurements scatters over a large range of values between 20%
and 70%. This is probably related to the variability of the sources and history since
emission, impacting particularly lower altitudes. Between 5km and 15km the SP2
number fractions of internally mixed BC stay below 50%, where, however, the statistical
uncertainty of the values is high due to the low number of BC particles detected. Only
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above 15 km the fraction increases with altitude. The simulated number fraction, on the
other hand, stays relatively constant with altitude. This suggests that BC ages already
at lower levels in the model. The emissions of BC in EMAC/MADE-IN over the CR-AVE
area are generally low. A large amount of BC may have been transported from other
regions and become internally mixed during the transport. The fraction of externally
mixed BC particles is indeed higher over the major BC emissions areas. Over central
Africa, a region characterized by strong forest fires, the fraction of internally mixed BC
particles in simulation BCACC90 is equal to 80% in the boundary layer. The results of
the reference run (REF) shows that 96% of BC particles are internally mixed at surface
level over the CR-AVE region, 73% over central Africa and 61% over the New York City
area, which is characterized by high emission rates of anthropogenic BC. While the
BC emissions in central Africa contribute mainly to the accumulation mode, those over
New York City mainly contribute to the Aitken mode. These values are summarized in
Table 4.

Pratt and Prather (2010) have published experimental data of the number fraction
of internally mixed BC between 1km to 6 km altitude during the ICE-L campaign
performed over Wyoming, western Nebraska, southwestern South Dakota and
northern Colorado during November and December 2007. They use a mass
spectrometer technique detecting internal mixtures in a different way than both the
model and the SP2. They detected number fractions of particles containing internally
mixed elemental and organic carbon between 62% and 77%. These values are on
the upper end of those calculated by Schwarz et al. (2008). EMAC/MADE-IN simulates
fractions of internally mixed particles between 84% and 95% over the area investigated
by Pratt and Prather (2010) (run BCACC90).

3.5 Comparison with global aerosol models

SO, has a large contribution to the total aerosol mass in the sub-micrometer range.
The average global burden of SO, simulated by EMAC/MADE-IN is 1.5Tg, followed
by POM (0.8 Tg), NH, (0.4 Tg), dust (0.2 Tg in the accumulation modes, 9.0 Tg if the
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coarse mode dust is included), NO5 (0.1 Tg), sea salt (0.1 Tg in the accumulation
modes, 2.5Tg including the coarse mode) and BC (0.1Tg). As shown in Table 5,
these burdens are consistent with those modeled by EMAC/MADE (Lauer et al., 2007)
and by ECHAM5/HAM (Stier et al., 2005; Kloster et al., 2008), which is also based
on the ECHAM general circulation model. Textor et al. (2007) present an assessment
of global burdens of SO,, POM, dust, sea salt and BC from different global aerosol
models participating in the AeroCom project. They calculated global mean burdens of
2.1+£25% Tg for SO,4, 1.3+ 18% Tg for POM, 0.2 £ 26% Tg for BC, 21.3 £ 21% Tg for
dust (including coarse mode) and 12.7 + 31% Tg for sea salt (also including the coarse
mode). While BC in EMAC/MADE-IN is still within the range of the AeroCom inter-
model variability, the burdens of sulfate and POM are lower than those indicated by
Textor et al. (2007). SO, originates predominantly from oxidation of precursor gases,
therefore discrepancies in its burden may be related to different parameterization of
the sulfur cycle in the chemistry module. This might also explain the discrepancy
in the SO, burden simulated by EMAC/MADE-IN and ECHAM5/HAM. The lower
POM burden of EMAC/MADE-IN could be due to a more effective scavenging. As
for BC (Sect. 2.2), EMAC/MADE assumes an exponential decay from hydrophobic
to hydrophilic POM with e-folding time of one day. EMAC/MADE-IN assumes the
same for the POM in the soluble modes akng, and accg,, but considers all POM in
the coating of internally mixed BC and dust particles (akn,,, and acc,,, modes) as
hydrophilic. Compared to EMAC/MADE, EMAC/MADE-IN simulates more hydrophilic
POM, thus more POM in EMAC/MADE-IN than in EMAC/MADE will be removed by
nucleation scavenging and subsequent wet deposition. The total burden of sea salt
simulated by EMAC/MADE-IN and EMAC/MADE is particularly smaller compared to
the AeroCom mean. However, the comparability of these values is limited since sea
salt emissions are calculated online from the simulated winds in EMAC, while an
emission climatology of the year 2000 was used for the AeroCom simulations. In the
case of dust, EMAC/MADE-IN considers the same emissions as AeroCom. The dust
burden simulated by EMAC/MADE-IN is at the lower end of the range simulated by
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the AeroCom models. Since this is also the case for the ECHAM5/HAM dust burden,
it could be related to general features of the ECHAM model family, such as transport
characteristics, rather than specific properties of MADE-IN.

4 Predicting potential ice nuclei with EMAC/MADE-IN

Due to its specific features and its performance, EMAC/MADE-IN is a well suited
tool for studying the global distribution and properties of potential atmospheric IN.
Figure 16 shows an example for a possible application of EMAC/MADE-IN to study
the IN population. Shown is the horizontal distribution at 300 hPa and the vertical
distribution of the zonal mean number concentration (climatological annual means) of
potential IN and their mixing state. We consider all aerosol particles containing BC or
dust in any state of mixing as potential IN, therefore the IN number is calculated as the
sum of the number of the individual modes containing BC and dust (Fig. 16a). While at
surface level (not shown) the horizontal distribution of ice nuclei is strongly influenced
by the location of the sources, the geographic patterns are more homogeneous at
350 hPa. However, the plumes of strong emission areas as China and North America
can be clearly identified.

Figure 16b shows the fraction of the total aerosol number concentration that contains
BC or dust. Around 300 hPa the potential IN represent up to 1% of the total aerosol
number concentration. This is in agreement with Sheridan et al. (1994), who found
that fewer than 1% of the particles in the upper troposphere contain soot. The highest
values are reached over emission areas that experience strong convection, which can
move IN from the surface to 300 hPa in a relatively short time. The number fraction
of potential IN decreases with altitude up to 200 hPa (right panel). Note that no BC
emissions from aircraft are included in this simulation. The minimum is reached around
the tropopause, where very efficient nucleation increases the number concentration of
soluble aerosol.
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Figure 16c shows the mixing state of the potential ice nuclei. Even though 80% of
BC and 100% of dust are emitted as externally mixed, most of the potential IN have
undergone an aging process and have been transferred to an internal mixture. The
zonal mean shows higher number fractions of externally mixed IN over the equator.
This is probably due to the fast updraft that moves relatively fresh air to high altitudes.
A second maximum is reached at 60° N latitude at around 500 hPa. This spot with a
high concentration of externally mixed BC is related to wildfires in the boreal Canada,
which are assumed to reach 6 km altitude by the model (Dentener et al., 2006).

5 Conclusions

The newly developed aerosol-climate model EMAC/MADE-IN is able to resolve number
and mixing state of BC and dust particles and to keep track of the number of BC and
dust free particles. The aerosol microphysics model MADE-IN describes the aerosol
distribution as a superposition of seven log-normal modes: two modes (an Aitken and
an accumulation mode) are dedicated to BC and dust without or with only a small
amount of soluble material, two modes to particles containing BC, dust and other
soluble species, two to BC and dust free particles, and one coarse mode to particles
composed of dust, sea salt and water. The processes simulated by MADE-IN are
condensation of H,SO, and organic vapors, binary nucleation of sulfuric acid and water
vapor, coagulation of particles and partitioning between gas and particulate phase
of water, nitric acid and ammonia. MADE-IN calculates the evolution of the number
concentrations of the seven modes and of the mass concentrations of the individual
species in each mode.

MADE-IN is implemented in the global ECHAM/MESSy Atmospheric Chemistry
(EMAC) model, which includes emission of particles and particle precursors, their
atmospheric dispersion, chemical transformation and dry and wet removal. In the set-
up used for the simulations presented in this work, chemistry and aerosol are coupled
through DMS and SO, oxidation as well as particle uptake of HNOz and NH; from the
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gas phase. The aerosol distributions calculated by MADE-IN are used in the calculation
of the radiative fluxes and of the concentration of cloud droplets. The model system
has been evaluated with surface and airborne measurements of aerosol mass and
number concentrations and size distributions. The model agrees reasonably well with
observations. The comparison suggests an overestimation of the simulated number
concentration of very fine particles with diameters of some nanometers. An improved
representation of such small particles by adding a new mode should be aimed at in
future studies. The vertical profiles of aerosol concentrations have shown that the
model performs particularly well in the UTLS, which is the main region of interest for
studies of IN effects on cirrus clouds. EMAC/MADE-IN is intended to be used for such
studies in the future.

EMAC/MADE-IN also allows for detailed studies on aging of BC and dust particles.
The contributions of cloud processing, coagulation and condensation to the aging of BC
and dust are modeled separately. Model experiments can be performed where specific
ageing processes can be neglected. Such simulations can be used to estimate the
relative importance of the individual aging processes. Furthermore, the presence of
different modes for the mixing states of BC and dust enables the calculation of the
typical time scales of BC to gain a soluble coating, which is arbitrarily assumed to be
around one or two days in many global aerosol model. Such studies will be subject of
future publications.

Supplementary material related to this article is available online at:
http://www.geosci-model-dev-discuss.net/3/2221/2010/
gmdd-3-2221-2010-supplement.zip.
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Table 1. List of the EMAC submodels that have been used in this work.

GMDD
3, 2221-2290, 2010
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Submodel  Function Reference
CONVECT Original ECHAMS5 convection scheme Tiedtke (1989); Nordeng (1994)
CVTRANS Transport of tracers by convection Tost et al. (2006b)
DRYDEP Trace gas and aerosol dry deposition Kerkweg et al. (2006a)
H20 Initialization of H,O in the stratosphere and  Lelieveld et al. (2007)
mesosphere from satellite observations and
feedback with specific humidity
JVAL Calculation of photolysis rate coefficients Landgraf and Crutzen (1998)
LNOX Production of NO, by lightning Price and Rind (1992)
MADE-IN Aerosol microphysics this study
MECCA Tropospheric and stratospheric chemistry Sander et al. (2005)
OFFLEM Offline emissions Kerkweg et al. (2006b)
ONLEM Online emissions Kerkweg et al. (2006b)
RAD4ALL  Original ECHAMS5 radiation model Roeckner et al. (2003)
SCAV Wet deposition and liquid phase chemistry ~ Tost et al. (2006a, 2007)
SEDI Sedimentation of aerosols Kerkweg et al. (2006a)
TNUDGE Nudging of tracers Kerkweg et al. (2006b)
TROPOP Calculation of the altitude of the tropopause Jockel et al. (2006)
Cloud Cloud physics Lohmann (2002),

Lohmann and Karcher (2002)
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Table 2. Mean ratio between the simulated and observed BC mass concentrations (model/obs.)
showed in Fig. 5 and number of data points in each panel of Fig. 5 (pairs).

Pairs Model/obs.
North America 200 1.23
Europe 65 1.14
Southeast Asia 29 1.79
South America 7 1.97
Africa 9 1.16
Pacific Ocean 25 0.13
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Table 3. Mean ratio between the simulated and observed aerosol mass concentrations of the
data presented in Fig. 6 and number of stations considered for the comparison (pairs).

Pairs Model/obs.

BC
oc

so,
NO,

96
96
96
96

0.99
1.07
2.01
0.91
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Table 4. Number fraction of internally mixed BC at surface level in the simulations REF and
BCACCO90 over the region of the CR-AVE campaign, central Africa and the New York City area.
These three regions are characterized by low BC emissions, biomass burning (accumulation Title Page
mode BC) and anthropogenic emissions (Aitken mode BC), respectively. No value is given _
for BCACC90 over New York City since BCACC90 does not account for Aitken mode BC agiEGT R
emissions. :
Conclusions References
CR-AVE Central Africa New York City Telles Figures
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Table 5. Global burden of sulfate (SO,), black carbon (BC), particulate organic matter (POM), V. Aquila et al.
sea salt (SS) and dust (DU) simulated by EMAC/MADE-IN, EMAC/MADE (Lauer et al., 2007),

ECHAM5/HAM (Stier et al., 2005; Kloster et al., 2008) and from multi-model means (annual
average) compiled by the AeroCom Aerosol Model Intercomparison Initiative (Textor et al., Title Page
2007) in Tg.
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Species EMAC/MADE-IN EMAC/MADE ECHAM5-HAM AeroCom

Conclusions References

SO, 1.5 1.5 0.8 21405 _
BC 0.1 0.1 0.1 0.2+0.1 Tables Figures
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Fig. 1. Schematic representation of the aerosol distribution in MADE-IN. BC indicates black
carbon, POM particulate organic matter, SS sea salt and DU dust. The shaded mode is the
coarse mode, which does not interact with the sub-micrometer modes. The black lines depict
the fine modes without BC and dust, the red line the modes for externally mixed BC and dust
particles and the blue line the modes for internally mixed BC and dust.
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Fig. 2. Chemical composition of the modes in MADE and in MADE-IN. POM stands for
particulate organic matter, BC for black carbon, DU for mineral dust and SS for sea salt. The
externally mixed modes (akn,,;, acc,,;) contain some amount of soluble material. When this
amount is large enough the externally mixed modes are transferred to the internally mixed ones
(aknmix’ aCcmix)-
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Fig. 3. Destination mode of each possible coagulation event in MADE-IN. The first row and the
first column show the coagulating modes.
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Fig. 4. Vertical profiles of BC and total aerosol mass (a and b, respectively) measured over Texas (Schwarz et al.,
2006), of BC over Costa Rica during the CR-AVE campaign (¢, Schwarz et al., 2008) and during the TC4 campaign
(d, Spackman et al., 2010), and of BC and BC free particles over Europe during CIRRUS (e and f, respectively,
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circles in (a) and (b) correspond to two different flights. For clarity, only positive standard deviations are shown when
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Fig. 6. Comparison of the climatological annual mean of BC, OC, SO, and NO; in PM, 5 from observations by
the IMPROVE network (left column) and EMAC/MADE-IN (right column). The crosses indicate the locations of the
measurement sites. See text for more details.
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corresponding model values. For clarity, only positive standard deviations are shown.
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and over Prestwick (Scotland) in October 2000 (a and b, respectively) and by Petzold et al.
(2002) during LACE over central Europe in August 1998 (¢) and corresponding model data.
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in Europe (Van Dingenen et al., 2004) during winter (December, January, February) and Printer-friendly Version

corresponding model size distributions. The observed size distributions are three-modal Iifemreie Beassin
log-normal distributions fitted to the measurements data. The simulated number size

distributions are climatological means over 10years calculated for the location and months

of the observations.
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Fig. 13. As Fig. 12 but for summer (June, July, August). No measurements at the Copenhagen

site are available.
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Fig. 14. Vertical profile of the mean soluble mass fraction in the internally mixed modes with
BC and dust (akn,,, and acc,,) calculated from the reference simulation REF along the flights
performed by Schwarz et al. (2008). The thick solid line represent the median values and the
shaded areas the 25% and 75% percentiles.
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Fig. 15. Number fraction of internally mixed BC particles as calculated by Schwarz et al.
(2008) from observations taken during the CR-AVE campaign (open circles) and as simulated
by EMAC/MADE-IN (shaded area) in the simulation BCACC90. The solid line is the median
value and the shaded areas the 10% and 90% percentiles. Each open circle corresponds to
a 1-km average from one flight with the symbol diameter roughly proportional to its statistical
confidence; large, medium, and small symbols correspond to <5%, <10%, and <25% statistical
uncertainty, respectively.
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