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[1] The Model of Aerosol Dynamics, Reaction, Ionization, and Dissolution with
resolution of a mixing state of black carbon (BC) (referred to as MADRID-BC hereinafter)
has recently been developed to accurately simulate the time evolution of the entire BC
mixing state. In this study, we apply MADRID-BC to evaluate the influence of changes in
BC mixing state on aerosol optical properties and cloud condensation nuclei (CCN)
activities in air parcels horizontally transported out from an urban area in Japan within the
planetary boundary layer (PBL) over the ocean. The evaluation shows that the coatings
on BC particles enhance light absorption at a wavelength of 550 nm by 38% in air
leaving the source region and by 59% after transport over the ocean for half a day.
When the model treats aerosols using the conventional size-resolved sectional
representation that does not resolve BC mixing states, the simulated absorption
coefficients and single scattering albedos are greater by 35–44% and smaller by 7–13%,
respectively, than those from a simulation that resolves the BC mixing state. These
results indicate that it is essential to take into account BC-free particles in atmospheric
models for accurate prediction of aerosol optical properties, because the conventional
representation cannot separately treat BC-containing and BC-free particles in each size
section. The evaluation also shows that BC-containing particles having 55% and 83% of
the BC mass can act as CCN at a supersaturation of 0.05% when they leave the source
region and after transport for half a day, respectively. These results suggest the
importance of the uplifting of BC particles from the PBL near source regions for their
efficient long-range transport in the free troposphere. Results from comparisons with
aerosol optical measurements conducted during various campaigns, such as the Asian
Aerosol Characterization Experiment (ACE Asia) and the Indian Ocean Experiment
(INDOEX), suggest that MADRID-BC simulations can capture general features of
aerosol optical properties in outflow from anthropogenic sources.
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1. Introduction

[2] Black carbon (BC) aerosols (e.g., soot) efficiently
absorb solar radiation in the atmosphere and have been
recognized as one of the most important aerosols for climate
forcing [Hansen et al., 1997; Ackerman et al., 2000;
Ramanathan et al., 2001a; Menon et al., 2002; Jacobson,

2002; Koren et al., 2004; Wang, 2004; Ramanathan and
Carmichael, 2008]. In evaluating aerosol radiative effects,
the mixing state of BC particles, namely, the degree to
which BC particles are coated with other aerosol com-
pounds, is a key parameter. Freshly emitted BC particles
are generally bare (hydrophobic BC) [Weingartner et al.,
1997; Sakurai et al., 2003] and become internally mixed
with other aerosols through condensation, coagulation, and/
or photochemical oxidation processes in the atmosphere
(referred to as ‘‘aging processes’’ hereinafter). Coatings on
BC particles with sufficient water-soluble compounds, such
as ammonium sulfate ((NH4)2SO4) and organic acids,
change hydrophobic BC to hydrophilic BC, which is able
to serve as cloud condensation nuclei (CCN) at a given
supersaturation [e.g., Yu, 2000; Seinfeld and Pandis, 2006].
The ability of a particle to act as a CCN is referred to as
‘‘CCN activity’’ hereinafter. As a result, the coatings on BC
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particles increase their wet scavenging efficiency and there-
fore influence the atmospheric lifetime of BC [Stier et al.,
2006]. At the same time, coatings on BC particles with
nonabsorbing compounds enhance the BC absorption effi-
ciency of solar radiation [Bond et al., 2006]. This enhance-
ment and the CCN activity of a BC-containing particle
primarily depend on the diameters of the BC core and
particle shell, which consists of both the BC core and
coating materials [Bohren and Huffman, 1983; Seinfeld
and Pandis, 2006; Bond et al., 2006]. Consequently, in
order to accurately estimate the aerosol optical properties
and CCN activities of BC-containing particles, one needs to
know the size distribution of BC-containing particles as a
function of both the BC core diameter and BC mass
fraction. This information is referred to as the ‘‘entire BC
mixing state’’ in this paper. Although a number of previous
modeling studies have evaluated the radiative effects of
aerosols including BC, some uncertainties remain in their
results, because the entire BC mixing state was not accu-
rately treated in most of these studies except in some
advanced modeling studies [e.g., Jacobson, 2001].
[3] In the first part of our paper [Oshima et al., 2009], a

new box model was developed on the basis of the Model of
Aerosol Dynamics, Reaction, Ionization, and Dissolution
(MADRID) of Zhang et al. [2004] to accurately simulate
the time evolution of the entire BC mixing state resulting

from condensation/evaporation processes (referred to as
MADRID-BC hereinafter). MADRID-BC uses a two-
dimensional (2-D) aerosol representation, in which aerosol
mass and number are given for individual particle diameters
and BC mass fractions, so that the coexistence of BC
particles with different shell diameters but with the same
BC core diameter can be tracked for all ranges of BC core
diameter. During one of the flights (flight 5) of the Pacific
Exploration of Asian Continental Emission phase C
(PEACE-C) aircraft mission, which was conducted over
the western Pacific around Japan in March 2004, the
Lagrangian time evolution of BC mixing states (the increase
in the mass fraction of thickly coated BC particles) was
observed in air parcels on a time scale of half a day during
horizontal transport from an urban area in Japan within the
planetary boundary layer (PBL) over the ocean [Moteki et
al., 2007]. MADRID-BC was applied to this case and it
generally reproduced well the observed features when
observed bulk amounts of aerosols and gaseous concen-
trations were used as constraints [Oshima et al., 2009]. The
agreement between MADRID-BC simulations and observa-
tions for this particular case suggested the validity of the
time evolution of the entire BC mixing state, which is
necessary to accurately calculate aerosol optical properties
and CCN activities.

Figure 1. Schematic diagram of the aerosol representations used in the sensitivity simulations.
(a) Conventional sectional aerosol representation (one-dimensional (1-D) aerosol representation), in
which aerosol mass and number are given for only individual particle diameters. Only one category of
aerosols is expressed in each size section. (b) Two-categories aerosol representation, in which BC-free
and BC-containing particles are separately expressed in each size section. (c) Three-categories aerosol
representation, in which BC-free and hydrophobic and hydrophilic BC-containing particles are separately
expressed in each size section. Note that 0.05% supersaturation is assumed for the classification of the
hydrophobic BC and hydrophilic BC categories. In this study, 40 size sections, ranging from 0.0215 mm
to 10 mm, are employed for all aerosol representations. The chemical compositions of coating materials
can vary in each grid cell.
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[4] In this study, Mie and Köhler theories, which take into
account the entire BC mixing state, are implemented in
MADRID-BC to examine the influences of changes in the
BC mixing state on aerosol optical properties and CCN
activities for air sampled during PEACE-C. Results from
several sensitivity simulations regarding the BC mixing
states and comparisons of the model simulation results with
in situ bulk measurements at various locations reported in
the literature are also presented. Furthermore, recommen-
dations are provided regarding the appropriate aerosol
representation for accurately simulating aerosol optical
properties and CCN activities in atmospheric models.

2. Model Description

2.1. MADRID-BC

[5] The MADRID-BC box model was developed as a
stand-alone model, and it can accurately simulate the time
evolution of the entire BC mixing state resulting from
condensation/evaporation processes [Oshima et al., 2009].
MADRID-BC uses a 2-D aerosol representation based on
the method developed by Jacobson [2001]. In this repre-
sentation, aerosol mass and number are given for each grid
cell, which consists of the dry particle diameter and dry BC
mass fraction [see Oshima et al., 2009, Figure 1]. BC
particles with smaller BC mass fractions correspond to
those having greater coating amounts. In this study, 40 size
sections, ranging from 0.0215 mm to 10 mm, are employed,
and BC mass fractions are divided into 10 even sections
between 0 and 100%. In addition to BC-containing par-
ticles, externally mixed ‘‘BC-free’’ particles, which do not
contain BC, are treated separately. Aerosol species treated in
MADRID-BC include sulfate (SO4

2�), ammonium (NH4
+),

nitrate (NO3
�), sodium (Na+), chloride (Cl�), aerosol water,

BC, and organic aerosol (OA). The chemical composition of
coating materials can vary in each grid cell in the 2-D
structure with varying particle diameters and BC mass
fractions. Note that the 2-D aerosol representation allows
the coexistence of particles having different BC mass
fractions with any given particle diameter. However, when
aerosols are represented only by particle diameters, as used
in most current aerosol models (i.e., a one-dimensional
(1-D) aerosol representation or a conventional sectional
aerosol representation, as illustrated in Figure 1a), the
variability in aerosol mixing states cannot be represented.
As shown in section 4.2, the use of the conventional
sectional aerosol representation can cause large errors in
estimating aerosol optical properties and CCN activities.
[6] One of the most important processes for BC aging is

condensation/evaporation due to mass transfer between gas
and particulate phases. MADRID-BC treats these processes
using a dynamic (kinetic) nonequilibrium approach devel-
oped by Meng et al. [1998] to simulate the growth of
individual particles. Condensation/evaporation involving
secondary organic aerosols (SOAs) and their precursors is
not included in the dynamic approach in MADRID-BC but
is treated separately in this study. It is calculated from
predicted SO4

2� using the observed SOA-SO4
2� relation-

ships, as described by Oshima et al. [2009]. The BC aging
processes due to coagulation and photochemical oxidation
are not included in this study, although contributions of
coagulation may be important under certain circumstances.

MADRID-BC treats heterogeneous reactions on the surface
of particles and homogeneous nucleation processes [Zhang
et al., 2004]; however, the homogeneous nucleation process
is not used in this study. The dilution of air, dry and wet
deposition, and aqueous-phase chemistry in cloud particles
are not included in MADRID-BC.

2.2. Calculations of Aerosol Optical Properties
and CCN Activity

[7] Recent studies have shown that a core-shell aerosol
treatment, in which a concentric core of BC is surrounded
by a uniform coating shell of other aerosol compounds, is
more appropriate for optical calculations of internally mixed
BC particles [Jacobson, 2000, 2001; Riemer et al., 2003;
Bond et al., 2006]. Therefore, in this study, aerosol optical
properties (e.g., absorption and scattering coefficients of
aerosol particles) are calculated on the basis of the core-
shell treatment according to the Mie code of Bohren and
Huffman [1983] for concentrically coated spheres. A typical
visible wavelength, l, of 550 nm is used in this study. A
complex refractive index of (1.85, �0.71 i) at 550 nm [Bond
et al., 2006] is used for the concentric core of pure BC. The
complex refractive indices of other compounds are taken
from the work by Fast et al. [2006], in which these values
are about (1.5, 0) at 550 nm. The complex refractive indices
of BC-free particles and coating materials of BC-containing
particles are calculated by volume-weighted averaging of
component complex refractive indices [e.g., Jacobson,
1997; Riemer et al., 2003].
[8] In MADRID-BC, the extinction efficiency, Qext, and

the scattering efficiency, Qsca, of particles are calculated for
each grid cell in the 2-D aerosol representation. The aerosol
optical properties are then calculated by summation over all
grid cells. The extinction coefficient, bext, the scattering
coefficient, bsca, and the absorption coefficient, babs, are
given by

bext lð Þ ¼
X
k

X
j

pD2
p;j;k

4
Qext;j;k lð Þ � nj;k ; ð1Þ

bsca lð Þ ¼
X
k

X
j

pD2
p;j;k

4
Qsca;j;k lð Þ � nj;k ; ð2Þ

babs lð Þ ¼ bext lð Þ � bsca lð Þ; ð3Þ

where Dp,j,k is the wet particle diameter and nj,k is the
particle number concentration in the grid cell of particle
diameter section j and BC mass fraction section k [Bohren
and Huffman, 1983]. The single scattering albedo (SSA) is
defined as the ratio of light scattering to aerosol light
extinction.

SSA lð Þ ¼ bsca lð Þ
bext lð Þ : ð4Þ

In addition to the aerosol optical properties over all grid
cells, the properties are also calculated for each grid cell and
selected grid cells in order to reveal optical properties that
depend on aerosol size and mixing state. In this study, we
present aerosol optical properties for four groups, as
illustrated in Figure 2: (1) BC-containing particles in each

D18202 OSHIMA ET AL.: MODELING OF BLACK CARBON AGING, 2

3 of 17

D18202



grid cell (e.g., as shown in Figure 3), (2) BC-containing
particles within selected BC core diameter ranges (e.g., see
Figure 4), (3) all BC-containing particles, and (4) all
particles in an air parcel (i.e., the overall properties of the air
parcel; e.g., see Figure 5).
[9] Köhler theory can predict the critical supersaturation

of a spherical particle that contains both water-soluble and
water-insoluble materials [Seinfeld and Pandis, 2006].
When the supersaturation in ambient air exceeds the critical
supersaturation of a particle for a certain time period, the
particle is considered to be activated as a cloud droplet. In
this study, an insoluble concentric core is assumed to consist
of only BC for BC-containing particles and only primary
organic aerosol (POA) for BC-free particles. The other
aerosol components including SOA are assumed to be
soluble coatings. In MADRID-BC, the critical supersatura-
tion of particles is calculated for each grid cell in the 2-D
aerosol representation using the Köhler equation. When the
critical supersaturation of BC-containing particles in a grid
cell is lower than the given air supersaturation, we define
the particles in the grid cell as hydrophilic BC, i.e., being
able to act as CCN at the given supersaturation. When the
critical supersaturation of BC-containing particles in a grid
cell is higher than the given supersaturation, the particles in
the grid cell are defined to be non-CCN (hydrophobic BC).
According to the above definitions, we can derive CCN
activities of particles and estimate the BC mass concentra-
tion of hydrophilic particles and the fraction of hydrophilic
BC mass (i.e., the ratio of BC mass concentration of
hydrophilic particles to total BC mass concentration) at a
given supersaturation for the four groups shown in Figure 2.

3. Impact of BC Mixing States on Aerosol Optical
Properties and CCN Activities

3.1. Application of MADRID-BC

[10] Simulations using MADRID-BC in this study follow
the same approach used by Oshima et al. [2009] and are

briefly summarized here. During flight 5 of the PEACE-C
aircraft mission, the Lagrangian time evolution of the
increases in the mass fraction of thickly coated BC particles
was observed in air parcels on a time scale of 2 to 13 h
horizontally transported out from the Nagoya urban area in
Japan within the PBL over the ocean [Moteki et al., 2007].
Oshima et al. [2009] defined air parcels having the shortest
(2 h) and longest (13 h) transport times over the ocean after
leaving the coastline of Japan as ‘‘fresh’’ and ‘‘aged’’ air
parcels, respectively. In order to simulate the time evolution
of the BC mixing state in air sampled during this flight,
MADRID-BC was applied to this case and the simulations
were performed using observed bulk amounts of aerosols
and gaseous concentrations as constraints. The size distri-
bution of BC particles used in the simulations was con-
structed by referring to that observed in ‘‘fresh’’ air with a
lognormal mass size distribution with a mass median
diameter of 185 nm and a geometric standard deviation of
1.53 [Moteki et al., 2007]. Note that the BC size distribution
did not change throughout the simulation because
MADRID-BC used in this study does not treat coagulation.
[11] The MADRID-BC simulation generally reproduced

well the observed increase in the mass fraction of thickly
coated BC particles from ‘‘fresh’’ to ‘‘aged’’ air parcels [see
Oshima et al., 2009, Figure 3]. It also reproduced well the
changes in the bulk mass concentrations of BC-free par-
ticles [see Oshima et al., 2009, Figure 5]. More-detailed
descriptions of the predicted BC mixing states were pre-
sented by Oshima et al. [2009]. The agreement with
observations suggested the validity of the entire BC mixing
state predicted by MADRID-BC. Consequently, the estima-
tions of aerosol optical properties and CCN activities based
on Mie and Köhler theories using these validated BC
mixing states can provide realistic and useful information,
although aerosol optical properties and CCN activities were
not measured during the PEACE-C aircraft campaign. This
MADRID-BC simulation is referred to as the ‘‘base case’’

Figure 2. Schematic diagram of the four groups for aerosol optical properties and CCN activities
presented in this study: BC-containing particles in each grid cell in the 2-D aerosol representation (group 1),
BC-containing particles within selected BC core diameter ranges (group 2), all BC-containing particles
(group 3), and all particles in an air parcel (group 4).

D18202 OSHIMA ET AL.: MODELING OF BLACK CARBON AGING, 2

4 of 17

D18202



simulation hereinafter, and aerosol optical properties and
CCN activities resulting from the time evolution of the BC
mixing state from ‘‘fresh’’ to ‘‘aged’’ air parcels during
transport in the ‘‘base case’’ simulation are presented in
sections 3.2 and 3.3, respectively. Note that aerosol optical
properties and CCN activities shown in the ‘‘base case’’
simulation are expected to be typical for air influenced by
anthropogenic sources in Japan during the PEACE-C peri-
od, because the predicted BC mixing states have typical
features, as presented by Oshima et al. [2009].
[12] To evaluate the growth ratio of particle diameter of

BC-containing particles, the average growth ratio of particle
diameters hDP/DBCi was calculated for the individual BC
core diameter ranges as follows:

DP

DBC

� �
¼

X
k

X
j

VP;j;k

X
k

X
j

VBC;j;k

0
BB@

1
CCA

1
3

; ð5Þ

where DP and DBC are the particle-shell and the BC core
diameters, respectively, VP,j,k and VBC,j,k are the volumes of

BC-containing particles and BC cores in the grid cell of
particle diameter section j and BC mass fraction section k,
respectively, and the sum is calculated within the individual
BC core diameter ranges (group 2 in Figure 2). This ratio is
used in sections 3.2, 3.3, and 7.

3.2. Aerosol Optical Properties

[13] Absorption coefficients babs (Mm�1) of BC-contain-
ing particles in individual grid cells (group 1 in Figure 2) at
a wavelength of 550 nm are shown for ‘‘fresh’’ and ‘‘aged’’
air parcels in Figures 3a and 3b, respectively. Light absorp-
tion amplifications, defined as the fraction of enhancement
in the absorption of bare BC particles due to the presence of
coatings, are shown for ‘‘fresh’’ and ‘‘aged’’ air in Figures 3c
and 3d, respectively. Note that BC-containing particles with
different BC mass fractions (coating thicknesses) coexist for
individual BC core diameters. These results show that the
absorption coefficients are greater for particles in which
the BC mass concentrations are greater [see Oshima et al.,
2009, Figure 6] and the BC mass fractions are smaller
(DP/DBC diameter ratios are greater). The light absorption
amplifications of individual BC-containing particles are
greater when their BC mass fractions are smaller, and

Figure 3. Predicted entire BC mixing state (a and c) in ‘‘fresh’’ air and (b and d) in ‘‘aged’’ air.
Absorption coefficients (Figures 3a and 3b) and absorption amplifications (Figures 3c and 3d) of
BC-containing particles of individual grid cells are denoted by colored squares. The aerosol optical
properties are calculated at a wavelength of 550 nm.
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therefore the absorptions are systematically greater in
‘‘aged’’ air than in ‘‘fresh’’ air. These features are further
examined below.
[14] The sum of the predicted absorption coefficients of

BC-containing particles within the individual BC core
diameter ranges (group 2 in Figure 2) are shown for ‘‘fresh’’
and ‘‘aged’’ air parcels in Figure 4a. The absorption
coefficients of BC cores are also shown for comparison
(dashed line). It is noted that although particles having
different absorption coefficient values coexist in the indi-
vidual BC core diameter ranges, the total amounts inte-
grated within the individual BC core ranges are shown in
Figure 4a. It is also noted that the total BC mass concen-
tration does not change throughout the simulation from
‘‘fresh’’ to ‘‘aged’’ air parcels. In the real atmosphere,
however, BC mass concentrations decrease owing to dilu-
tion with background air. Consequently, the BC coating and

Figure 4. Various predicted quantities within the selected
BC core diameter ranges. (a) Absorption coefficient,
(b) absorption amplification, and (c) BC mass concentration
of hydrophobic BC-containing particles. Black and gray
solid lines denote ‘‘fresh’’ and ‘‘aged’’ air, respectively.
Dashed lines in Figure 4a denote absorption coefficients of
BC cores, and those in Figure 4c denote mass concentra-
tions of BC cores. The aerosol optical properties are
calculated at a wavelength of 550 nm, and the CCN
activities are calculated for a supersaturation of 0.05%.

Figure 5. Predicted overall aerosol optical properties and
CCN activities of particles in ‘‘fresh’’ (black squares) and
‘‘aged’’ air parcels (gray squares). (a) Absorption coeffi-
cient, (b) absorption amplification, (c) single scattering
albedo (SSA), and (d) fraction of hydrophilic BC mass.
Black circles in Figure 5a denote absorption coefficients of
BC cores. Values are shown for the six independent
simulations: (1) the ‘‘base case,’’ (2) the ‘‘smaller BC size
case,’’ (3) the ‘‘larger BC size case,’’ (4) the ‘‘conventional
sectional case,’’ (5) the ‘‘two-categories case,’’ and (6) the
‘‘three-categories case’’ simulations. The aerosol represen-
tations and the BC core size distributions used in the
individual simulations are summarized in Table 3. The
aerosol optical properties are calculated at a wavelength of
550 nm, and the CCN activities are calculated for a
supersaturation of 0.05%. See the text for details.
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dilution processes act as competing effects that can either
increase or decrease the absorption coefficients of BC-
containing particles in the atmosphere. These effects will
be discussed in section 6. The light absorption amplifica-
tions of BC-containing particles within the individual BC
core diameter ranges are shown for ‘‘fresh’’ and ‘‘aged’’ air
parcels in Figure 4b. As shown in Figures 4a and 4b, the
absorption of BC-containing particles increases from
‘‘fresh’’ to ‘‘aged’’ air parcels owing to the increase in
coating amounts. The absorption amplification is generally
greater for particles with smaller BC core diameters, and
this feature is more or less similar that of the average growth
ratio hDP/DBCi [see Oshima et al., 2009, Figure 8]. In the
particular case during PEACE-C flight 5, maximum absorp-
tion amplifications of 1.6 and 1.9 are found in ‘‘fresh’’ and
‘‘aged’’ air, respectively, for BC-containing particles with a
BC core diameter range of 0.05–0.1 mm (Figure 4b);
however, the absolute values of the absorption coefficients
in this range are quite small (about 4% in total absorption
for both ‘‘fresh’’ and ‘‘aged’’ air parcels). On the other hand,
the maximum absorption coefficient of BC-containing
particles appears within a BC core diameter range of 0.1–
0.2 mm (Figure 4a), where both the maximum masses of
BC and its coating materials are found [see Oshima et al.,
2009, Figure 8]. The fraction of the absorption coefficient
of BC-containing particles with BC core diameters of 0.1–
0.2 mm to the overall absorption coefficient is about 60%
for both ‘‘fresh’’ and ‘‘aged’’ air parcels, indicating that the
overall absorption is mostly controlled by BC-containing
particles in this range. The growth of BC-containing
particles with BC core diameters of 0.1–0.2 mm from
‘‘fresh’’ to ‘‘aged’’ air parcels (with the average growth
ratio hDP/DBCi increasing from 1.6 to 1.9 [see Oshima et
al., 2009, Figure 8]) results in an increase in the absorption
amplification from 1.4 to 1.6 (Figure 4b).
[15] In order to estimate the overall effects of BC coatings

on aerosol optical properties, the overall absorption coef-
ficients of particles in air parcels (group 4 in Figure 2) and
their absorption amplifications are shown for ‘‘fresh’’ and
‘‘aged’’ air parcels in Figures 5a and 5b, respectively (see
‘‘base case’’). The results are also summarized in Table 1.
BC coating enhances the absorption by 38% and 59% in

‘‘fresh’’ and ‘‘aged’’ air, respectively, in this particular case.
Schwarz et al. [2008] showed that BC coating enhanced
light absorption within a column of air by at least 30% using
a similar core-shell optical calculation method for single-
particle aircraft measurements conducted in the tropical
troposphere. Although the origin and nature of air parcels
sampled in their study are quite different from those
sampled during PEACE-C, the degree of the enhancements
is more or less similar.
[16] The overall SSAs of particles in air parcels (group 4

in Figure 2) are shown in Figure 5c (see ‘‘base case’’) and in
Table 1. The overall SSA increases from 0.81 in ‘‘fresh’’ air
to 0.85 in ‘‘aged’’ air. The SSA of all BC-containing
particles (group 3 in Figure 2) increases from 0.51 in
‘‘fresh’’ air to 0.60 in ‘‘aged’’ air (Table 1). Although the
increase in coatings causes an increase in the absorption
coefficient of BC-containing particles (Figure 5a), it also
causes an increase in the scattering coefficient bsca of both
BC-containing and BC-free particles (Table 1), resulting in
an increase in the SSAs. The large difference in the SSA
values between all particles in air parcels (group 4 in
Figure 2) and BC-containing particles (group 3 in Figure 2)
indicates that it is critical to include BC-free particles in
estimating the SSAs in air parcels. The importance of BC-
free particles on aerosol optical properties will be further
discussed in section 4.2. Although no direct observations of
aerosol optical properties are available during the PEACE-C
aircraft campaign, comparisons of the model results with in
situ measurements at various locations reported in the
literature are presented in section 5.

3.3. CCN Activities

[17] The CCN activities of BC-containing particles for a
supersaturation of 0.05% are examined in this study,
because the simulated air parcels were sampled within the
PBL over the ocean during the PEACE-C aircraft campaign,
and this value is considered to be the maximum for
stratiform clouds [Pruppacher and Klett, 1997]. To examine
the influences of BC coatings on CCN activities, the sum of
predicted hydrophobic BC mass concentrations at 0.05%
supersaturation within the individual BC core diameter
ranges (group 2 in Figure 2) are shown for ‘‘fresh’’ and

Table 1. Aerosol Optical Properties and CCN Activities Calculated From Base and Sensitivity Simulationsa

Parameters

Base
Smaller
BC Size

Larger
BC Size

Conventional
Sectional

Two-
Categories

Case

Three-
Categories

Case

Fresh Aged Fresh Aged Fresh Aged Fresh Aged Fresh Aged Fresh Aged

Extinction coefficient (total)b 75.1 107.3 71.5 100.0 75.0 107.2 69.7 102.9 74.0 106.5 75.2 107.7
Scattering coefficient (total)b 60.9 90.9 55.8 82.0 62.3 92.5 49.3 80.8 59.1 89.6 59.8 90.3
Scattering coefficient (BC-containing)c 14.4 24.1 15.5 26.3 13.1 21.1 12.5 21.1 13.2 22.0
Scattering coefficient (BC-free)d 46.5 66.7 40.3 55.6 49.1 71.5 46.6 68.6 46.5 68.3
Absorption coefficient (total)b 14.2 16.4 15.7 18.1 12.7 14.7 20.4 22.1 14.8 16.9 15.4 17.5
Absorption amplification 1.38 1.59 1.40 1.61 1.37 1.58 1.77 1.92 1.47 1.68 1.46 1.66
SSA (total)b 0.811 0.847 0.780 0.819 0.830 0.863 0.708 0.786 0.799 0.842 0.795 0.838
SSA (BC-containing)c 0.505 0.596 0.496 0.593 0.508 0.589 0.458 0.556 0.462 0.557
SSA (BC-free)d 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Fraction of hydrophilic BC masse 0.552 0.831 0.350 0.571 0.630 0.951 0.738 0.897 0.728 0.873 0.647 0.850

aAerosol optical properties are calculated for a wavelength of 550 nm. Units of extinction, scattering, and absorption coefficients are in Mm�1. The CCN
activities are calculated for a supersaturation of 0.05%. The values are shown for ‘‘fresh’’ and ‘‘aged’’ air parcels for each simulation.

bAerosol optical properties for all particles in air (total of BC-containing and BC-free particles).
cAerosol optical properties for BC-containing particles in air.
dAerosol optical properties for BC-free particles in air.
eRatio of BC mass concentration of hydrophilic particles to total BC mass concentration in air.
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‘‘aged’’ air parcels in Figure 4c. The mass distribution of
BC cores itself is also shown for comparison (dashed line).
As shown in Figure 4c, all BC-containing particles whose
BC core diameters are greater than 0.2 mm become hydro-
philic in ‘‘aged’’ air, although the average growth ratios of
particle diameters hDP/DBCi are smaller than 1.5 [see
Oshima et al., 2009, Figure 8]. On the other hand, for the
BC-containing particles whose BC core diameters are
smaller than 0.2 mm, 31% of BC mass in these particles
remains hydrophobic in ‘‘aged’’ air in spite of their thicker
coatings (the average growth ratios hDP/DBCi are greater
than 1.9 [see Oshima et al., 2009, Figure 8]). Considering
the fact that the hydrophilic BC-containing particles (i.e.,
CCN) are able to be removed from the atmosphere by
precipitation, these results suggest that aging processes
of BC-containing particles with BC core diameters of 0.1–
0.2 mm are critical for the radiative effects of BC. This is
because BC particles in this range mainly control BC absorp-
tion (section 3.2), and the boundary distinguishing hydro-
phobic and hydrophilic states at 0.05% supersaturation exists
in this range for air experiencing some aging processes.
[18] In order to evaluate the overall influence of BC

coatings on the CCN activities of BC-containing particles,
the overall fractions of hydrophilic BC mass (group 4 in
Figure 2) at 0.05% supersaturation are shown for ‘‘fresh’’
and ‘‘aged’’ air parcels in Figure 5d (see ‘‘base case’’) and
in Table 1. The fractions of hydrophilic BC mass increase
from 0.55 in ‘‘fresh’’ air to 0.83 in ‘‘aged’’ air in this
particular case. This result indicates that more than half of
the BC mass is contained in particles that can act as CCN at
0.05% supersaturation when they leave the source regions
in Japan. These BC particles have already been coated with
sufficient amounts of water-soluble compounds over the
source regions. After transport for half a day, 17% of BC
mass remains as hydrophobic particles for this supersatura-
tion. These results suggest that in order to transport BC
particles efficiently from the PBL to the free troposphere
(FT), air parcels must be uplifted within a relatively short
time period after BC particles are emitted into the atmo-
sphere. From the Transport and Chemical Evolution over

the Pacific (TRACE-P) aircraft mission conducted over the
western Pacific in spring 2001, Park et al. [2005] showed
that the export efficiencies of BC mass during vertical
transport from the PBL to the FT were 0.63–0.74 at 2–4
km and 0.27–0.38 at 4–6 km in altitude. The rest of the BC
mass was likely removed by wet processes during vertical
transport. It is difficult to compare the results of Park et al.
[2005] with those of our study; however, we speculate that
BC particles in air parcels observed during TRACE-P had
been transported from the PBL to the FT near the source
regions. Alternatively, a portion of activated BC particles in
cloud droplets was not removed from the atmosphere by
rainout processes and remained in the FT after cloud
dissipation.
[19] In addition to the CCN activities at a supersaturation

of 0.05%, results for other supersaturations using the same
BC mixing state information for ‘‘fresh’’ and ‘‘aged’’ air
parcels are further examined. The overall fractions of
hydrophilic BC mass (group 4 in Figure 2) at 0.025% and
0.1% supersaturations are shown for ‘‘fresh’’ and ‘‘aged’’
air parcels in Table 2. For 0.025% supersaturation, the
fractions of hydrophilic BC mass increase from 0.19 in
‘‘fresh’’ air to 0.33 in ‘‘aged’’ air. For 0.1% supersaturation,
they increase from 0.87 to almost 1.0. Comparing these
results, the removal of BC particles by rainout processes is
found to be quite sensitive to the maximum supersaturation
that an air parcel experiences. These results also indicate
that accurate information on BC mixing state is required in
order to reduce uncertainties in estimating the spatial dis-
tributions of BC in model simulations.

4. Sensitivity Simulations

[20] In this section we use the ‘‘base case’’ simulation
(shown in section 3) as a benchmark for comparison with
several sensitivity simulations, because we consider that the
‘‘base case’’ simulation should yield the most accurate
prediction with the most realistic treatments of the BC
mixing state that have been evaluated using available
observations by Oshima et al. [2009]. In fact, as discussed
in section 5, comparisons with various observations indicate
the validity of the aerosol optical properties predicted in the
‘‘base case’’ simulation, although no direct observations of
CCN activities are available for evaluation. Table 3 shows a
summary of all simulations conducted in this study. Note
that all simulations presented in section 4 predict the time
evolution of the BC mixing state from ‘‘fresh’’ to ‘‘aged’’
air parcels for the PEACE-C flight 5 using the same
observed bulk amounts of aerosols and gaseous concentra-
tion as constraints.

Table 2. CCN Activities in the ‘‘Base Case’’ Simulation at

Various Supersaturations

Supersaturation, %

Fraction of Hydrophilic BC Massa

Fresh Air Aged Air

0.025 0.192 0.332
0.050 0.552 0.831
0.10 0.865 0.999

aRatio of BC mass concentration of hydrophilic particles to total BC
mass concentration in air.

Table 3. Summary of All Simulations Conducted in This Study

Simulation Name BC Core Size Distributiona Aerosol Representationb Scenario

Base case 185 (1.53) 2-D aerosol representation PEACE-C
Smaller BC size case 130 (1.53) 2-D aerosol representation PEACE-C
Larger BC size case 220 (1.53) 2-D aerosol representation PEACE-C
Conventional sectional case 185 (1.53) 1-D aerosol representation PEACE-C
Two-categories case 185 (1.53) Two-categories of aerosols PEACE-C
Three-categories case 185 (1.53) Three-categories of aerosols PEACE-C
Chinese case 185 (1.53) 2-D aerosol representation CAREBeijing
Indian case 185 (1.53) 2-D aerosol representation INDOEX

aMass median diameter of BC cores of a lognormal size distribution (in nanometers). Values in parentheses are geometric standard deviations.
bSee Oshima et al. [2009, Figure 1] and Figures 1a–1c for details, in which a schematic diagram of the aerosol representations is shown.
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