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[1] The mixing state of black carbon (BC) aerosols, namely, the degree to which BC
particles are coated with other aerosol components, has been recognized as important for
evaluating aerosol radiative forcing. In order to resolve the BC mixing state explicitly
in model simulations, a two-dimensional aerosol representation, in which aerosols are
given for individual particle diameters and BC mass fractions, is introduced. This
representation was incorporated into an aerosol module, the Model of Aerosol Dynamics,
Reaction, lonization, and Dissolution (MADRID), and a new box model, MADRID-BC,
was developed. MADRID-BC can accurately simulate changes in the entire BC

mixing state resulting from condensation/evaporation processes. Aircraft observations
conducted in March 2004 show that the mass fraction of thickly coated BC particles
increased in air horizontally transported out from an urban area in Japan over the ocean.
MADRID-BC generally reproduces this feature well when observed bulk aerosol
concentrations are used as constraints. The model simulations in this particular case show
that for particles with BC core diameters of 100—200 nm, the particle diameters, including
both core and coating materials, had already increased by a factor of 1.6 on average
when they left the source region and by as large as a factor of 1.9 of the BC core diameters
after their transport over the ocean for a half day. The model simulations also show
that 58% of the total condensed mass was partitioned onto BC-free particles during
transport, indicating their importance for the BC mixing state. Although the model
simulations are applied to a limited number of the observations in this study, they clearly
show the time evolution of the coating thicknesses of BC-containing particles, which

is necessary for calculating aerosol optical properties and cloud condensation nuclei

activities.
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1. Introduction

[2] Atmospheric aerosols modify the global radiation
budget directly through scattering and absorption of solar
radiation and indirectly through modification of the micro-
physical properties of clouds. Most aerosol components
scatter solar radiation; however, black carbon (BC) aerosols
(e.g., soot) efficiently absorb it. The absorption leads to
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heating of the atmosphere and cooling of the surface below,
resulting in increases in the regional vertical stability of the
atmosphere, therefore likely reducing convective activity
and cloud formation [Hansen et al., 1997, Ackerman et al.,
2000; Koren et al., 2004]. These light-absorbing effects
possibly lead to modifications of the large-scale atmospheric
circulation and hydrological cycle [Ramanathan et al.,
2001a; Menon et al., 2002]. In contrast, the reduction of
cloud cover by atmospheric heating can increase the solar
radiation reaching the surface below, resulting in heating of
the surface [Hansen et al., 1997]. Consequently, the impacts
of BC on the climate system are complex and involve
various feedback mechanisms [Jacobson, 2002a]. Because
of the significance of these various mechanisms, the role of
BC in the climate system has been recognized as particu-
larly important [Hansen et al., 1997; Jacobson, 2002a;
Wang, 2004; Intergovernmental Panel on Climate Change
(IPCC), 2007].

[3] BC particles are emitted into the atmosphere by
incomplete combustion of fossil fuels (diesel and coal),
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biomass, and biofuels. The anthropogenic emissions of BC
are greatest in Asian countries [Streets et al., 2003; Bond et
al., 2004], such as China, India, and Korea, where BC
emissions are dominated by coal-based thermal power
plants [Prasad et al., 2006], with BC mixing with dust
particles especially in the Asian region [Prasad and Singh,
2007; Bhattacharjee et al., 2007]. Previous studies have
shown that the anthropogenic pollutants emitted over east
Asia are either transported within the planetary boundary
layer (PBL) or uplifted to the free troposphere (FT) by
convection and warm conveyor belts followed by efficient
horizontal transport on a regional-to-hemispheric scale [Bey
et al., 2001; Koike et al., 2003; Miyazaki et al., 2003; Liu et
al., 2003; Oshima et al., 2004]. Among these pollutants,
several studies have focused on the spatial distributions and
transport processes of BC particles emitted from Asia
(mainly China and India) within the PBL [Ramanathan et
al., 2001b; Uno et al., 2003] and in the FT [Clarke et al.,
2004; Park et al., 2005]. These BC particles are considered
to have significant impacts on the radiation budget and
therefore the climate system on regional-to-hemispheric
scales.

[4] The mixing state of BC, namely, the degree to which
BC particles are coated with other aerosol components, can
affect the impact of BC particles on the radiation in two
ways [Stier et al., 2006]. First, BC particles freshly emitted
into the atmosphere are generally in the form of bare
particles externally mixed with other particles and therefore
in a hydrophobic state [Weingartner et al., 1997; Sakurai et
al., 2003]. They gradually become internally mixed through
condensation, coagulation, and/or photochemical oxidation
processes in the atmosphere (aging processes). They even-
tually become hydrophilic, when they are coated with
sufficient water-soluble compounds, such as ammonium
sulfate (NH4),SO,), and are able to serve as cloud conden-
sation nuclei (CCN). The CCN activity of a BC-containing
particle primarily depends on the dry particle diameter and
mass fraction of soluble material in the particle [e.g.,
Seinfeld and Pandis, 2006]. Therefore, aging processes
increase the wet scavenging efficiency of BC and conse-
quently reduce the amount of BC transported from the PBL
to the FT. Second, coatings on BC particles with non-
absorbing compounds enhance the BC absorption efficiency
of solar radiation [Bond et al., 2006]. This enhancement
depends on the BC core diameter and shell diameter, the
latter defined as the particle diameter including both the BC
core and coating materials [Bohren and Huffman, 1983;
Bond et al., 2006]. Jacobson [2001] showed that coatings
on BC particles enhance their impact on the direct radiative
forcing. Consequently, to accurately estimate aerosol optical
properties and CCN activities of BC-containing particles,
information on both the size distribution of BC cores and
mass concentrations of their coating materials (particle shell
diameters), or equivalently, the distribution of BC-containing
particles as a function of both the BC core diameter and BC
mass fraction, must be known. This information is referred to
as “entire BC mixing state” in this paper.

[5] A number of previous modeling studies have evaluated
the radiative effects of aerosols including BC; however, the
entire BC mixing state was not accurately treated in most of
these studies except some advanced modeling studies [e.g.,
Jacobson, 2001; Jacobson, 2002b]. Jacobson [2001] used a
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global model that treated condensation and coagulation
processes with 18 discrete aerosol size distributions, each
with 17 size bins. Eight of these size distributions contained
BC and three of these BC-containing distributions treated
fixed ranges of BC mass fraction in each bin (i.e., 0—5%,
5-20%, and >20% in volume fractional coatings) and the
others treated variable BC mass fraction ranges in each
distribution for each size, which allowed for the represen-
tation of several degrees of coatings of BC particles. While
the results of the predicted BC mixing states were consistent
with ambient observations [Jacobson, 2001], such observa-
tions did not provide quantitative information on coating
thicknesses (volume fractions) of individual BC-containing
particles.

[6] In recent years, advanced observation techniques
using laser-induced incandescence (single-particle soot pho-
tometer, SP2) have been developed, enabling us to obtain
some quantitative information on the mixing states of
BC-containing particles [Baumgardner et al., 2004;
Schwarz et al., 2006; Gao et al., 2007; Moteki and Kondo,
2007]. Although the number of measurements is still
limited, they show that BC-containing particles with differ-
ent shell diameters but with the same BC core diameter
coexist in the atmosphere [Schwarz et al., 2008] and that the
coating thicknesses of BC particles change through BC
aging processes [Moteki et al., 2007]. These recent observa-
tions provide opportunities to test our current understanding
of BC aging processes through comparisons with model
simulations.

[7] In light of recent observations, we introduced a new
aerosol representation into an aerosol module, the Model of
Aecrosol Dynamics, Reaction, Ionization, and Dissolution
(MADRID) [Zhang et al., 2004], following the method
developed by Jacobson [2001], to explicitly simulate the
BC mixing state. In this representation, 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 diam-
eter can be tracked for all ranges of BC core diameter. This
new MADRID module was incorporated into a box model
that couples with gas-phase chemistry. The resulting newly
developed box model is referred to as the MADRID-BC
model hereafter. MADRID-BC simulates the condensation/
evaporation process using a dynamic gas/particle mass
transfer approach in order to accurately represent the growth
of individual particles. To validate the BC mixing state
treatments in MADRID-BC and understand the evolution of
the entire BC mixing state, MADRID-BC was applied to a
case in which the BC aging process was observed in air
transported out from an urban area in Japan (Nagoya city)
with aircraft measurements using an SP2 experiment
[Moteki et al., 2007]. A comparison of the model simulation
results with the observations is presented here along with a
full picture of the predicted changes in the entire BC mixing
state.

2. Model Description
2.1. BC Mixing State Resolved Aerosol Representation

[s] A two-dimensional (2-D) aerosol representation,
which enables the resolution of the BC mixing state
explicitly, was introduced in this study following the method
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Figure 1.

Schematic diagram of the two-dimensional (2-D) aerosol representation adopted in the

MADRID-BC box model developed in this study. In this representation, the particle number and aerosol

mass of individual compounds are given for each grid

cell, which consists of the dry particle diameter and

dry BC mass fraction, where BC mass fraction is defined as the ratio of the mass of bare BC to that of the
particle. Particles with smaller BC mass fractions correspond to those having greater coating amounts on
BC. In this study, 40 size sections, ranging from 0.0215 pm to 10 pm, are employed, and BC mass
fractions are divided into 10 even sections between 0 and 100%. In addition to BC-containing particles,
BC-free particles are also represented. The chemical compositions of coating materials can vary in each

grid cell.

of Jacobson [2001]. In this representation, acrosol mass and
number are given for individual particle diameters and BC
mass fractions as illustrated in Figure 1. This representation
can be viewed as a 2-D aerosol representation; particles
having the same diameter but with different BC mass
fractions can be treated separately. BC particles with smaller
BC mass fractions correspond to those having greater
coating amounts. The distributions of aerosol size and BC
mass fraction are divided into discrete bins by dry particle
diameter and by dry BC mass fraction, respectively. The
number of sections of particle size and BC mass fraction
can be chosen flexibly. In this study, 40 size sections,
ranging from 0.0215 pm to 10 pum, were employed, and
BC mass fractions were divided into ten even sections
between 0 and 100%. In addition to BC-containing particles,
externally mixed “BC-free” particles, which do not contain
BC, were treated separately. As shown in section 4, these
BC-free particles play an important role in the partitioning
of condensable materials onto particles and therefore affect
the BC mixing state. Furthermore, consideration of BC-free
particles is essential in calculating aerosol optical properties
(N. Oshima et al., Aging of black carbon in outflow from
anthropogenic sources using a mixing state resolved model:
2. Aerosol optical properties and cloud condensation nuclei
activities, submitted to Journal of Geophysical Research,
2008). Species considered in this study include sulfate
(SO37), ammonium (NHJ), nitrate (NO3), sodium (Na'),
chloride (C17), aerosol water, BC, and organic matter (OM).
In the 2-D aerosol representation, the chemical composi-
tions of coating materials can vary with both particle size
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and BC mass fraction, so that differences in chemical
composition among the grid cells can be expressed. The
particle number and mass of individual aerosol composi-
tions are calculated for each grid cell. Dry and wet particle
diameters can be derived from the number and mass of
aerosol particles in each grid cell.

[v] Freshly emitted BC particles from the tail pipe of a
diesel engine truck are reported to have, in general, only a
small amount of coating materials [Sakurai et al., 2003;
Park et al., 2004; Wehner et al., 2004], although there is
little quantitative information regarding the BC mixing state
upon emission. Because of the uncertainties in the mixing
states of freshly emitted BC particles, we assume all freshly
emitted BC particles have a 100% BC mass fraction and put
them in the 90—100% BC mass fraction grid cell in the
present model simulations. Note that the possible diameter
range of bare BC particles (100% BC mass fraction) upon
emission is 0.023—-9.3 pm in the simulations. In Appendix A1,
we show results from a sensitivity simulation in which the
influences of emissions of partly coated BC particles on the
BC mixing state in the atmosphere are evaluated. When BC
particles in a given grid cell are coated with other aerosol
materials, such as (NH,4),SO,4, owing to condensation, their
particle diameters increase and BC mass fractions decrease.
Eventually, the particles in the grid cell grow into another
grid cell with a larger particle size and/or a smaller BC mass
fraction. We note here that when aerosols are represented
only by particle diameter, as used in most current aerosol
models (i.e., a 1-D representation), freshly emitted BC
particles are forced to be mixed with preexisting particles
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in given size sections, resulting in thick coatings that may
not be realistic. In contrast, the 2-D aerosol representation
allows the fresh BC particles to remain as thinly coated BC
particles, even when thickly coated BC particles already
exist in given size sections, because particles having different
BC mass fractions can coexist with any given particle
diameter.

[10] Transfer of particle number and mass between grid
cells due to their growth or shrinkage is simulated on the
basis of the moving center approach [Jacobson, 1997] that
was implemented as a 1-D approach in MADRID [Zhang et
al., 2004]. In this study, we expanded the 1-D moving
center approach in MADRID to a 2-D aerosol representa-
tion so that the transfer of particles can be simulated
simultaneously in both directions, namely, particle diameter
and BC mass fraction. This approach allows us to track
mass and number concentrations within the 2-D aerosol
representation. MADRID-BC also allows use of the “full-
moving” approach, which is useful for accurately tracking
the Lagrangian growth of particles due to condensation/
evaporation processes [Jacobson, 1999].

[11] A number of previous studies have treated aerosol
particles as spherical, on the basis of the idea that although
BC particles may have complex nonspherical morphology
upon emission, they tend to transform into a near-spherical
morphology owing to aging processes in the atmosphere
[Jacobson, 2000; Riemer et al., 2003; Bond et al., 2006;
Stier et al., 2007; Schwarz et al., 2008]. In this study, the
spherical assumption of aerosols was used.

2.2. Physical and Chemical Processes in MADRID-BC

[12] The 2-D aerosol representation described above was
incorporated into the MADRID aerosol module, and a new
MADRID-BC box model, in which the MADRID aerosol
module was coupled with a gas-phase chemistry module,
was developed. A detailed description of MADRID was
given by Zhang et al. [2004]. The MADRID-BC box model
was constructed as a stand-alone model so that it can
simulate the time evolution of BC mixing state due to
chemical production/loss of aerosol compounds in the
atmosphere. Although most physical and chemical processes
treated in the MADRID module are utilized in MADRID-BC,
some new features have been introduced into MADRID-BC
in order to accurately simulate the BC mixing state. The
physical and chemical processes used in this study are
described below, although the original MADRID offers
several options.

[13] The most important process for BC aging is conden-
sation/evaporation due to mass transfer between gas and
particle phases. To simulate accurately the growth of indi-
vidual particles, a dynamic (kinetic) nonequilibrium approach
developed by Meng et al. [1998] was adopted in this study,
although bulk equilibrium approaches were adopted for fine
particles in the original MADRID module. The following
growth law is used in MADRID-BC to simulate the mass
flux of species 7 onto a single spherical particle [Meng et al.,
1998],

- dm,-

dt

Coc,i - Cs,i
iTH7 (1)
Oé,'D17

Ji

= 27wD,D,
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where m; is the single particle mass of species i, D), is the
particle diameter, D, is the molecular diffusivity of species i
in air, C,; and Cj; are the concentrations in the bulk gas
phase and those at the particle surface, respectively, )\, is
the air mean free path, and «; is the accommodation
coefficient for species i on the atmospheric aerosol. Because
limited information is available regarding «; in the atmo-
sphere, a; values used in previous modeling studies vary by
a few orders of magnitudes [Wexler et al., 1994]. In this
study, «; of 0.1 was assumed for all species, following
Zhang et al. [2004]. Particle surface vapor concentrations
C,; for volatile inorganic compounds, namely ammonia
(NHj3), nitric acid (HNO;), and hydrogen chloride (HCI),
were estimated using the aerosol thermodynamic module
ISORROPIA [Nenes et al., 1998, 1999]. For sulfuric acid,
we assumed the particle surface vapor concentration is zero
for all particles because of its extremely low vapor pressure
[Meng et al., 1998]. An exception is water, which was
assumed to be in local instantaneous equilibrium between
the gas and aerosol phases [Wexler et al., 1994; Meng et al.,
1998]. Condensation/evaporation involving secondary
organic aerosols (SOAs) and their precursors is not included
in the dynamic approach in MADRID-BC but was treated
separately in this study, as described in section 4. In
MADRID-BC, the mass flux of species i given by equation
(1) is calculated for each grid cell (i.e., each size and each
BC mass fraction; see Figure 1) simultaneously using each
C,,; values estimated by ISORROPIA and common gas-
phase bulk concentrations at every small time step. Note
that this time step for gas-aerosol mass transfer calculations
is set to be one second in this study so as to satisfy the
numerical stability.

[14] Coagulation is not included in MADRID-BC, follow-
ing the original MADRID. Coagulation may play an im-
portant role for BC aging, particularly near emission
sources, where aerosol number concentrations are very
high. Jacobson [2002b] showed that even with moderate
loading of particulates, coagulation alone could change the
mixing state of aerosols to some degree within 12 h.
Consequently, the exclusion of coagulation could result in
an underestimation of the BC aging rate in our simulation.
However, we focused on BC aging processes in air trans-
ported out from a city over distances of a few hundred
kilometers in this study, as described in section 3. In this
case, coagulation was considered to play a relatively minor
role as compared with condensation because the timescale
of coagulation is longer than that of condensation. In fact,
coagulation was not included in some other aerosol modeling
studies at urban scales [e.g., Zhang et al., 2004; Fast et al.,
2006]. A simple evaluation of the effects of coagulation on
BC mixing state in our application (section 4) is presented in
Appendix A2. The BC aging process due to photochemical
oxidation is also not included in MADRID-BC. Croft et al.
[2005] indicated that the contribution of oxidation to the BC
aging process may be small, and oxidation processes were
not included in many aerosol models [e.g., Riemer et al.,
2004].

[15] Other processes treated in MADRID-BC are briefly
described below. MADRID-BC uses the gas-phase chemis-
try of the Carbon-Bond Mechanism Version IV (CBM-1V)
photochemical mechanism [Gery et al., 1989], which con-
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tains 92 chemical species and 117 chemical reactions.
Heterogeneous reactions on the surface of particles are
included in MADRID-BC. In this formulation, the first-
order heterogeneous reaction rate constants are calculated at
individual grid cells, on the basis of the approach of Zhang
et al. [1994], Zhang and Carmichael [1999], and Jacob
[2000]. Although the original MADRID includes nucleation
processes [Zhang et al., 2004], they were not used in this
study because they are subject to large uncertainties [Zhang
and Jacobson, 2005; Zhang et al., 2005]. The dilution of
air, dry and wet deposition, and aqueous-phase chemistry in
cloud particles are not included in MADRID-BC. Meteoro-
logical conditions (e.g., air density, pressure, temperature,
relative humidity, and cloud/rain information) are kept
constant throughout each simulation in MADRID-BC.
Photolysis rates of chemical reactions are also provided in
MADRID-BC by adopting the approach used in the Com-
munity Multiscale Air Quality (CMAQ) model [Byun and
Ching, 1999].

3. Observed Features of BC Mixing States

[16] During the Pacific Exploration of Asian Continental
Emission phase C (PEACE-C) aircraft mission, which was
conducted over the western Pacific around Japan between
22 and 27 March 2004, evidence of the evolution of the
coating thickness of BC particles in urban plumes was
observed [Moteki et al., 2007]. In the present study, we
applied the MADRID-BC box model to this case to validate
the model simulations and examine changes in the entire
BC mixing state in detail. In this section, the aircraft
measurements and observed features are described.

3.1. Aircraft Measurements

[17] The PEACE-C aircraft mission was conducted within
the framework of an atmospheric chemistry project by the
Earth Observation Research Center (EORC) of the Japan
Aerospace Exploration Agency (JAXA). In total, five
flights were conducted using a Gulfstream II (G-II) aircratft.
A detailed description of the measurements during the
PEACE-C mission was given by Moteki et al. [2007]. Here,
we briefly describe the instrumentation and observations.

[18] The size distribution of volume equivalent diameters
of BC particles excluding their coating materials was
measured by an SP2 instrument using the laser-induced
incandescence technique [Baumgardner et al., 2004;
Schwarz et al., 2006; Moteki and Kondo, 2007]. In this
paper, this diameter is denoted as the BC core diameter,
Dy, while the particle diameter including coating materials
is denoted as the shell diameter, Dp. From the laser
scattering signal detected by the SP2 instrument, some
information on the coating condition of BC particles can
be obtained. During the PEACE-C aircraft measurements,
thinly and thickly coated BC particles were discriminated
[Moteki et al., 2007]. These two types of aerosols generally
correspond to BC particles that have Dp/Dpc ratios smaller
or greater than a particular threshold Dp/Dpc value. There is
an uncertainty in the threshold Dp/Dpgc value and it was
estimated to be between 1.5 and 2.0 during PEACE-C.
These BC discriminations were made for particles with BC
core diameters (Dgc) between 155 and 330 nm. The mass
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fraction of thickly coated BC particles, f;cx(Dgc), 1s
defined for individual BC core diameters, D, as follows,

[BCick (Dpc)]
[BCthick (DBC)] + [BC,;,I»,, (DBC)] ’

Jiick(Dpc) = (2)

where [BCy,;c(Dpc)] and [BCy,(Dpc)] are the total BC
mass concentrations of thickly and thinly coated BC
particles for the given BC core diameter (Dpc), respectively.
Given a BC core diameter, the number of BC particles
observed can be converted into BC mass. In addition to BC
particle size distributions, particle sizes of BC-free particles
were also obtained for volume equivalent diameters
between 300 and 800 nm, although they could have
contained BC particles with BC core diameters smaller
than 150 nm, which are not detected by the SP2 instrument.

[19] The total mass concentrations of BC particles were
independently measured by a particle soot absorption pho-
tometer with a heated inlet (HI-PSAP), assuming a mass
absorption coefficient of 8.9 m? g~' [Kondo et al., 2006].
The uncertainty in this value was estimated to be smaller
than 10% [Kondo et al., 2006]. Because the SP2 measure-
ment did not cover the entire BC size range, HI-PSAP data
were used for total BC mass concentrations in this study.
The SP2 data were utilized for the BC core size distribution
and the mass fraction of thickly coated BC particles,
Junie(Dpc)-

[20] Bulk mass concentrations of water-soluble inorganic
ions and water-soluble organic carbon (WSOC) were mea-
sured by a particle-into-liquid sampler with ion chromatog-
raphy analysis (PILS-IC) and a PILS with a total carbon
analyzer (PILS-WSOC) technique, respectively [Miyazaki
et al., 2006]. A portion of these compounds is considered to
have been internally mixed with BC particles, and the
remainder is assumed to have existed as BC-free particles,
although this information cannot be derived from the bulk
measurements. In this study, SO~ values were used as non-
sea-salt SOF~ (nssSO3 ) values to maximize the number of
data points to be compared with model simulations, because
SO3~ values agree to within 10% with nssSO;~ when
nssSO3~ amounts are calculated using an empirical rela-
tionship between SO;~ and Na® in seawater. Total sulfur
compounds (SOy) are defined as the sum of sulfur dioxide
(SO,) and SO3 . Primary and secondary organic aerosol
(POA and SOA) mass concentrations were estimated inde-
pendently from the observed BC and WSOC concentra-
tions, respectively, using the POA-BC and SOA-WSOC
relationships observed in the Tokyo urban area, Japan (see
Appendix A3). Total organic aerosol (OA) mass concentra-
tion was simply derived from the sum of POA and SOA
mass concentrations.

3.2. General Observed Features During Flight 5

[21] During PEACE-C flight 5 conducted over the Pacific
off the coast of Japan on 27 March under cloud-free
conditions, clear changes in the fraction of thickly coated
BC particles were observed as a function of photochemical
age in the urban plume transported within the PBL from
Japan [Moteki et al., 2007]. We focused on these data and
made detailed comparisons between model simulations and
observations, as described in section 4.
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Figure 2. Flight tracks of the aircraft observations during PEACE-C flight 5 (black dashed lines) and
2-day back trajectories of “fresh” and “aged” air parcels (thick lines). These two air parcel groups are
defined by their transport time over the ocean after leaving the coastline of Japan. The transport time was
shortest (2 h) and longest (13 h) in “fresh” and “aged” air parcels, respectively. The altitudes of the
trajectories are shown in gray scale. White dots on the trajectories denote the locations of air parcels 6 and
12 h prior to measurement. Colored circles denote the bulk ASO3 /ABC ratios observed along the flight
track. The region outlined by the blue line denotes the Nagoya urban area defined in this study.

[22] Kinematic back trajectories of air parcels sampled
onboard the aircraft in the PBL during flight 5 were
calculated using the method described by Tomikawa and
Sato [2005], and meteorological fields were calculated
using the Fifth-Generation Pennsylvania State University/
National Center for Atmospheric Research (NCAR) Meso-
scale Model (MMY5) [Grell et al., 1995]. In Figure 2, 2-day
back trajectories are shown for two air parcel groups, which
were transported from over the Nagoya urban area, Japan
(the area enclosed within the blue solid line in Figure 2 as
defined in this study). Within air parcels sampled by the
aircraft in the PBL, these two groups had the shortest (2 h)
and longest (13 h) transport times over the ocean after
leaving the coastline of Japan, and they are referred to as
“fresh” and “aged” air, respectively, hereafter. The trajec-
tories of the air parcels sampled in the PBL show that most
of the air parcels had been transported horizontally from
over the Nagoya urban area by northerly winds within the
PBL. These air parcels had likely been influenced by
anthropogenic emission sources over the Nagoya urban
area, because their altitudes were below 1.5 km when they
were over that area. In urban areas in Japan, the major
source of BC is considered to be exhaust from diesel
engines [Kondo et al., 2006]. Ratios of various primary
compounds, such as BC-to-carbon monoxide (CO) ratios,
were similar within the air parcels, suggesting that they
were influenced by the same types of emission sources over
the Nagoya urban area and were likely not influenced by
wet removal during transport (see Appendix A4). In fact,
MMS5 simulations, cloud images from the Geostationary
Operational Environmental Satellite (GOES-9), and the

Rader-Automated Meteorological Data Acquisition System
(Rader-AMeDAS) precipitation analysis show that the air
parcels had very little chance to encounter clouds or
precipitation. These results suggest that the data set obtained
in the PBL during flight 5 is suitable to study the Lagrangian
time evolution of BC mixing states within these air parcels.

[23] In order to evaluate the amount of secondary aerosol
production (or loss), which can lead to growth (or shrinkage)
of coatings of BC particles, and to exclude apparent
changes in concentration due to dilution with background
air, a normalized ratio, AX/ABC, was calculated for
various species X, where AX and ABC are differences
between observed and background concentrations of X and
BC, respectively, in individual air parcels. In this study, the
background concentrations of BC, CO, SO, and NHj
were chosen to be 0, 150, 0.10, and 0.20 ppbv, respectively,
which were the minimum values observed during flight 5.
For other chemical species, background concentrations
were assumed to have been zero. We note that when only
dilution by mixing with background air takes place, the
AX/ABC value does not change and is equal to the value
in air leaving the source region.

[24] Concentrations of various gaseous and aerosol spe-
cies as well as their normalized ratios, AX/ABC, in “fresh”
and “aged” air parcels are shown in Table 1. As shown in
Table 1, although the CO and SO, concentrations were
lower in “aged” air as compared with those in “fresh” air,
the normalized ratios change little, indicating that the
observed changes were primarily due to dilution with
background air (see Ap}zi)endix A4). On the other hand, the
normalized ratios of SO;~ and WSOC increased by a factor
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Table 1. Observed Concentrations of Various Chemical Species,
Their Normalized Ratios to BC, and Mass Fractions of Thickly
Coated BC Particles in Air Parcels Sampled During PEACE-C
Flight 5

Concentrations® AX/ABC Ratios®

Species Fresh Air  Aged Air  Fresh Air  Aged Air

CO, ppbv 269 196 85.2 81.6
BC, pug m > 1.40 0.569

SO, ppbv 2.35 0.966 1.61 1.52
SO,, ppbv 1.80 0.383 1.29 0.673
SO3, pgm 3 2.19 234 1.32 3.51
NH;, pg m™> 1.31 0.764 0.843 1.12
NO3, ug m™> 1.94 0.126 1.39 0.221
WSOC,* 1gC m™> 1.20 1.14 0.861 1.99
Sinick (D) 0.343 0.618

“Mean concentration in “fresh” and “aged” air parcels.

"Normalized ratios, AX/ABC, for various species X, where AX and
ABC are differences between observed and background concentrations of
X and BC, respectively. These values are given using the units of X and BC
shown in the first column.

“Mass concentration of water-soluble organic carbon (WSOC).

9Mass fraction of thickly coated BC particles, f(Dpc), defined by
equation (2), for BC core diameters (D) of 155—185 nm.

of more than two, as also pointed out by Moteki et al. [2007]
using X/BC mass ratios. The observed increase in ASO3 /
ABC ratios during transport was quite likely due to photo-
chemical production of SO3 ™. Corresponding to the shortest
and longest transport times in “fresh” and “aged” air
parcels, the smallest and greatest values of ASO; /ABC
ratios were observed in “fresh” and “aged” air, respectively
(Figure 2). Similarly, the observed increase in AWSOC/
ABC ratios suggests significant production of SOA,
because WSOC is generally considered to be produced
through SOA formation [Kondo et al., 2007].

[25] In Figure 3a, observed values of the mass fraction of
thickly coated BC patrticles, fi,;.x(Dpc), which is defined by
equation (2), are shown as a function of the ASO3 /ABC
ratios for D of 155-185 nm. Note that the fi,;..(Dgc)
value does not change by dilution with background air when
BC particles do not exist in background air. Moteki et al.
[2007] showed that f,;..(Dpc) values increase with increas-
ing photochemical age. Because of the increasing trend in
ASO3 /ABC ratios with the photochemical age of air (not
shown), the results shown in Figure 3a are considered to be
another expression of the time evolution of f;,;..(Dgc)
values. As shown in Figure 3a, observed f;,;.(Dpc) values
increase continuously from 0.34 (“‘fresh” air) to 0.62
(“aged” air) as ASO3 /ABC ratios increase from 1.3 to
3.5 (Table 1). This result clearly shows that the fraction of
thickly coated BC particles increased as the photochemical
production of SOF~ proceeded during transport. Because of
the Lagrangian nature of these air parcels described above,
this increasing tendency can be viewed as a Lagrangian time
evolution of the BC mixing state from “fresh” to “aged”
air parcels during transport over the ocean.

4. Predicted Evolution of BC Mixing States

[26] In order to simulate the entire BC mixing state in air
sampled during flight 5, simulations for two consecutive
regimes were performed using the MADRID-BC box model.
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The simulation in the first regime is for the source region
where emissions of BC and POA particles were continu-
ously introduced, and concurrent coatings due to conden-
sation were calculated for both preexisting and newly
emitted particles. The simulation in the second regime,
which follows the first regime simulation, is for the outflow
region over the ocean, where the coating process without
the emissions took place. In both regimes, the photochem-
ical production of condensable compounds, such as sulfuric
acid, from their precursor gases were calculated. The results
obtained from the end of the first and the second regime
simulations correspond to observations in “fresh” and
“aged” air, respectively. The time evolution of the BC
mixing state obtained from the second regime simulation is
compared with those of observations as a function of
ASO3 /ABC ratio, which was a minimum and maximum
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Figure 3. Observed and model-predicted mass fractions of
thickly coated BC particles, f;,;.(Dgc), defined by equation
(2), as a function of the bulk ASO3 /ABC ratio. Gray
circles denote the observations. Colored lines denote the
simulations with threshold values of the Dp/Dpo ratio of
1.5 (blue), 1.6 (red), and 1.7 (black), where Dp and Dpc are
the diameters of the particle and BC core, respectively.
Note that ASO3~ amounts in both observations and
model simulations are total bulk amounts including both
coating materials of BC-containing and BC-free particles.
(a) Comparison for BC core diameters (Dgc) of 100—200 nm
(model) and 155—185 nm (observation). (b) Comparison for
BC core diameters of 200—400 nm (model) and 210-330 nm
(observation).
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Figure 4. Mass size distribution of bare BC particles used in this study (black line). The gray line shows
a lognormal function fitted to the observed size distribution in “fresh” air during PEACE-C flight 5.

in “fresh” and “aged” air, respectively. We note that the
simulation for the first regime is necessary because the BC
mixing state in “fresh” air cannot be uniquely constrained
by observations. The SP2 instrument provides f,;.x(Dzc)
values for limited BC core diameters; however, it does not
provide information on the coating thickness of individual
BC-containing particles during PEACE-C. Consequently,
one has to predict the BC mixing states in “fresh” air under
the constraint of observed concentrations, by making rea-
sonable assumptions.

4.1. Simulation Over the Source Region

[27] In this section, the simulation for the source region
(i.e., the first regime) is described. The simulation started at
0600 LT, denoted as ¢ = t, hereafter. Diurnal variation in
photodissociation coefficients under clear-sky conditions
was taken into account in the simulation. Atmospheric
temperature and relative humidity were kept constant at
283 K and 45%, respectively, which were the observed
values in “fresh” air. Gaseous concentrations of primary
species, such as SO,, NH3, and nitrogen oxides (NOy), were
assumed to be constant throughout the simulation so as to
minimize the day-to-day variation in diurnal variations of
hydroxyl radical (OH) concentration and therefore produc-
tion rates of inorganic aerosols. When the gaseous concen-
trations were available from observations in “fresh” air,
they were given at ¢ = 7, in the simulation; when they were
not available, typical urban air concentrations were
assumed. For aerosol species at ¢ = £, we assumed that
only (NHy4),SOy4 particles existed as BC-free particles, and
their concentration was chosen to be the same as that of the
background aerosols (see section 3.2). They were assumed
to have a lognormal distribution with a mass median
diameter of 278 nm and a geometric standard deviation of

1.41, which were derived from the size distribution of
BC-free particles observed in “fresh” air. The model
simulation was performed with continuous emissions of
BC and POA particles and it was truncated when the
predicted bulk aerosol mass concentration of SOF~ agreed
with those observed in “fresh” air, and this time step is
expressed as f = fj,, hereafter.

[28] In the simulation, emissions of bare BC particles
(100% BC mass fraction) were injected into the grid cells
with the 90—100% BC mass fraction. These emissions took
place continuously with time, and the emission rate was
chosen so that the integrated BC amount added between 1= ¢,
and ¢ = tg., became equal to the BC mass concentration
observed in “fresh” air. The size distribution of BC par-
ticles emitted was constructed by referring to that observed
in “fresh” air (see Figure 4): a lognormal mass size
distribution with a mass median diameter of 185 nm and a
geometric standard deviation of 1.53. Because MADRID-BC
does not include coagulation, the BC size distribution did
not change throughout the simulation. Model simulations in
this study were performed to predict changes in BC mixing
states at urban-to-regional scales, and therefore the use of
the BC core size distribution observed in “fresh” air is
considered to be reasonable.

[20] POA particles were emitted concurrently with BC
particles in the simulation. The emission rate of POA was
chosen so that the emission ratio between POA and BC was
equal to the observed POA/BC mass ratio in the Tokyo
urban area (see Appendix A3). The POA particles were
introduced as BC-free particles in the simulation, so that
they were externally mixed with BC particles. The size
distribution of POA particles was assumed to be the same as
that of bare BC particles, although some of them were
considered to be internally mixed with BC in diesel exhaust
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Figure 5. Model-predicted and observed bulk aerosol
mass concentrations in (a) “fresh” and (b) “aged” air
parcels. For model-predicted values, the concentrations of
BC-containing particles (BCc) and BC-free particles (BCf)
and their total values (Total) are shown separately. For
observed values, the concentrations of BCf particles and the
total are shown. The bulk amounts of BCf were obtained
from the SP2 experiment. Total bulk aerosol amounts of
individual chemical compositions (Total) were obtained
from the PILS experiment. Observed values in “aged” air
are the concentrations normalized to “fresh” air conditions
calculated using equation (3).

[Sakurai et al., 2003; Wehner et al., 2004]. Results from a
sensitivity simulation in which freshly emitted BC particles
are partly coated with POA on emission are presented in
Appendix Al.

[30] As described in section 3.2, observations suggest that
SOA played an important role for BC coatings. However,
we did not include condensation/evaporation of SOA in the
dynamic approach in MADRID-BC because SOA was
severely underestimated by model simulations, such as the
CMAQ-MADRID model [e.g., Matsui et al., 2009]. There-
fore we used an alternative approach to treat condensation
of SOA in this study. During flight 5, a linear relationship
was observed between AWSOC/ABC and ASO2 /ABC
ratios (r* = 0.76, not shown), suggesting that SOA and
SO3~ had been concurrently produced from individual
precursor gases. It is therefore more or less reasonable to
assume that distributions of condensed mass over different
size particles were similar between SOA and SO3 . In this
study, the bulk SOA concentration in “fresh” air was
estimated from the observed WSOC concentration in
“fresh” air using the SOA-WSOC relationship obtained in
the Tokyo urban area (see Appendix A3). The estimated
SOA mass was distributed over particles so that the relative
fractions of condensed SOA among particles became equal
to those of SO at ¢ = Liesh-
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[31] In Figure 5a, the bulk mass concentrations of various
aerosol compounds predicted at 7 = #,,, are shown with
those observed in “fresh” air. The model simulations agree
well with the observations because the simulations continued
until the SOF~ amount agreed with observations, and
various parameters were chosen so that the predicted aerosol
concentrations agreed with those observed. In Figure Sa,
predicted aerosol concentrations of BC-containing and
BC-free particles are also shown separately, although this
information was not available from the observations. It is
found that model simulations reproduced well the observed
total mass of BC-free particles (within a 3.0% difference),
which was derived from the SP2 measurement. We note that
it is essential to take into account BC-free particles for
predictions of BC mixing states. Because BC-free particles
serve as sites for condensation of inorganic species and
SOA, they affect the coating amounts on BC particles. In
fact, 66% of the total SO3 ~ produced owing to photochemical
oxidation of SO, was partitioned onto the BC-free particles
at f = t;,e, in this case. This result indicates that BC-free
particles in background air and those emitted as POA affect
BC mixing states in the atmosphere.

[32] The predicted entire BC mixing state (BC mass
distribution as a function of both BC core diameter and
BC mass fraction) at ¢ = f,y, is shown in Figure 6a. As
shown in Figure 6a, BC-containing particles with different BC
mass fractions (coating thicknesses) coexist for individual
BC core diameters. Aerosols with smaller BC mass frac-
tions (greater coating fractions) were emitted into the air
(introduced into the model) near the beginning of the
simulation (¢ = ¢y), while those with greater BC mass
fractions (smaller coating fractions) were emitted near the
end of the simulation (¢ = #.;). The mass of BC particles is
concentrated around 200 nm in BC core diameter, reflecting
the input BC core size distribution (Figure 4). Aerosols with
smaller BC core diameters grow faster, and this feature is
consistent with the condensation theory described in section
2.2. As will be discussed in section 4.3, these results
generally reproduced the observed f;;.(Dpc) values in
“fresh” air well.

4.2. Simulation in the Outflow Region

[33] In this section, the simulation for the outflow region
over the ocean (i.e., the second regime) is described. In
order to compare the changes in BC mixing state from
“fresh” to ““aged” air parcels during flight 5 between
simulations and observations, it is necessary to derive
observed concentrations in which dilution effects are
excluded, because dilution effects are not included in
MADRID-BC. In this study, concentrations normalized to
“fresh” air conditions, X*, are defined for various observed
species X as follows:

AX
X* = A—BC X ABCfresh + Xbackground7 (3)

where AX and ABC are differences between observed and
background concentrations of X and BC in individual air
parcels, respectively, ABCj.,;, is the ABC value in “fresh”
air, and Xpacrgrouna 1S the background concentration of X.
Increases (or decreases) in X* values indicate secondary
aerosol production (or loss).
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