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Abstract

Black carbon (BC) exerts profound impacts on air quality and climate because of its high-absorption cross section over a broad
band of solar spectrum. Non-BC materials coated on BC could alter the mixing state of BC particles and can considerably
enhance its mass absorption coefficient. Quantification of this absorption enhancement remains a challenge due to incomplete
understanding of the complex physical and chemical properties related to mixing states. In this paper, we summarize the recent
progress in measurement and modeling studies on the BC mixing state and their effects on optical properties. Laboratory and
field-based observations have shown that the transformation of a mixing state from a highly fractal nature to a more compact
shape exhibits a decrease in electric mobility diameter but an increase in fractal dimension and effective density. Meanwhile, the
transition behavior is also obviously influenced by emission source which can determine the components of BC mixtures. Based
on the empirically determined parameters, accurate numerical modeling shows great capability on calculating BC optical
properties. However, considering the significant uncertainties related to BC microphysical properties, proper parameterization
considering realistic BC aggregates and coating fraction can help to understand the progress from an externally to internally
mixed state.
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Introduction

Black carbon (BC, also known as soot) is a distinct type of
carbonaceous aerosols, which has a unique combination of
properties, including strong visible light absorption of at least
5 m%/g at 550 nm [1], aggregate morphology [2], refractory
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with vaporization temperature near 4000 K [3], and insolubil-
ity in water and common organic solvents [4]. The absorption
spectrum of BC aerosols is wider than that of typical green-
house gases such as CO, and CHy, with a strong absorption
effect on solar radiation from infrared to ultraviolet wave-
lengths [5, 6]. However, unlike the long timescale associated
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with the removal of CO,, the atmospheric lifetime of BC
aerosols is relatively short, typically of the order of 1 week
[7, 8]. Thus, BC is considered as a short-lived climate forcer
(SLCF) and studies suggest that BC is the second most im-
portant global warming factor only after carbon dioxide [9,
10].

BC is produced from incomplete fossil fuel combus-
tion, automobile and aircraft emissions, and biomass
burning. Freshly generated BC particles are hydrophobic
and bare of any nonrefractory material and exist as an
external mixture in which strongly light-absorbing BC
and organic and inorganic light-scattering components
reside in different particles [11, 12]. Once emitted into
the atmosphere, the morphology of emitted chain-like
aggregates changes rapidly with the diffusion, transport,
and collision in the atmosphere [13]. Meanwhile, BC
particles undergo aging processes through the uptake
of reactive gases, such as OH, Oz, NO,, NO3, N,Os,
HNOs, and H,SO4 [8—11]. Consequently, such particles
gradually become internally mixed and are no longer
pure BC but contain nitrate, sulfate, and secondary or-
ganic matter [11, 14]. Because BC is insoluble, it is
always distinctly separated from the other material in
an internally mixed particle. The presence, relative
quantities, and location of non-absorbing materials in
BC-containing particles require a complex characteriza-
tion commonly summarized in the single term of
“mixing state” [5].

Recent observational and modeling studies have indicated
that mixing state and material compositions can obviously
change the optical properties of BC aerosols [15-19]. In the
early 2000s, a few studies [9, 20, 21] pointed out that the aging
processes could enhance absorption coefficients of solar radi-
ation, which was called the “lensing effect.” Many observa-
tional studies have revealed absorption enhancement in vari-
ous locations around the world [14, 22, 23]. However, there
are significant differences in the reported absorption enhance-
ment among the studies due to diversity in particle size, phase
state, and chemical composition in the different regions [2, 24]
and some studies reported no obvious changes in absorption
coefficients [15].

Recognizing the important impact of mixing state on BC
optical properties, recent studies have been conducted using
several different methods including laboratory experiments,
field measurements, and numerical modeling. The objective
of this review is to summarize the progress made in the recent
research (mostly after 2005) on the impacts of mixing state to
BC optical properties. The remainder of this paper is orga-
nized as follows: “Measurements of BC Mixing States™ dis-
cusses the measured morphologic parameters related to
mixing state; “Measurements of BC Optical Properties” pre-
sents the studies measuring the BC optical properties;
“Modeling of BC Mixing States and Optical Properties”
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summarizes the progress made in numerical modeling BC
mixing states and optical properties; and finally we summarize
the major findings in recent studies and make recommenda-
tions for future studies.

Measurements of BC Mixing States

Information about the mass and size of BC core, coating ma-
terials, and morphology is needed to determine the BC mixing
state. Traditional optical-based methods and thermal-based
methods [25, 26] have difficulty in isolating BC from the
coating components with which it is internally or externally
mixed. With the development of instruments, two kinds of
real-time instrumental techniques make important contribu-
tions toward quantifying the mixing state of BC-containing
particles. The Single Particle Soot Photometer (SP2) provides
refractory black carbon (rBC) mass loadings, particle number
concentrations, and size distribution measurements for re-
search of BC mixing states [27, 28]. The Soot Particle
Acrosol Mass Spectrometer (SP-AMS) is an AMS equipped
with an intracavity laser vaporizer (1064 nm) based on the
SP2 design, which can exclusively determine the BC-
containing particles, and characterize the size distributions as
well as chemical compositions of BC cores and the coating
materials [29]. Electron microscopy can provide accurate
morphology of soot aggregates, showing that the gra-
phitic spherules coagulate to form aggregates or fractal
chain-like structures consisting of hundreds or thousands
of spherules [11]. Techniques using the filter-based ap-
proach including the Particle Soot Absorption
Photometer (PSAP) and Multi-Angle Absorption
Photometer (MAAP) are commonly used to measure
the absorption enhancement of BC-containing particles,
with the application of empirical corrections to over-
come the bias caused by other light-absorbing aerosols
[30]. Instruments that do not use filters are also avail-
able for the measurement of absorption by BC. In the
photoacoustic spectrometer (PAS) [31], particles are
drawn into an acoustic cavity and irradiated by power-
modulated laser light. Based on the various measure-
ments, the distinction of microphysical properties (i.e.,
morphologies and optical properties) for BC mixed with
organic and inorganic (i.e., sulfate and nitrate) species
can be quantified through parameters listed in Table 1.

Fractal Dimension

Fresh BC particles are common in the form of random aggre-
gates, which can be described using the fractal concept. This
concept is of value because it includes a mathematical descrip-
tion and a quantifiable parameter fractal dimension (Dy). The
mathematical description is so-called scaling law as shown in
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Table 1 Abbreviations and

symbols quantifying categories Abbreviation/ Full name/explanation
microphysical properties of BC symbols
mixtures in literature
Measurement instruments ~ AMS Aerosol mass spectrometer
APS Aerodynamic particle sizer
SP2 Single-particle soot photometer
TEM/SEM Transmission/scanning electron microscopy
SP-AMS Soot particle aerosol mass spectrometer
Mixing state rBC Refractory black carbon determined by the SP2 through
the laser-induced incandescence method
Dy Fractal dimension
D, Aerodynamic equivalent diameter selected by APS
Db Mobility diameter selected by the DMA
Dine Mass equivalent diameter of BC particles
My The mass ratio of coatings to BC particles
Peft Effective density
DSF Dynamic shape factor of particles
Optical properties MAC Mass absorption cross section
AAE Absorption Angstrom exponent
Eops Absorption enhancement factor
wo Single-scattering Albedo

Eq. (1) [32], and the particles composing the aggregates are
called “primary particles” or “monomers.” Ideally, they are
spherical with point contacts and all the same size.

N =k (%) 1)

where N is the total number of monomers in each aggregate
(proportional to the mass); a is the monomer radius; k¢ is the
fractal proportionality constant (also called fractal prefactor or
structural coefficient); Dy is the fractal dimension, D=1 indi-
cates an unlimited straight line, and Dy= 3 means a sphere; the
radius of gyration R, is a measure of the overall aggregate
radius and can be calculated by

1 2
2 N (=,
Rg = ﬁ i1 (l",’ _rL.) (2)
where 77 and 7. denote the position vectors of the center of
each monomer and aggregate mass center, respectively, and
N

7. can be calculated by

r=x 2 (%) (3)

The value of k; represents the level of compactness.
For a given Dy, the smaller the prefactor value, the
lower the packing density. The method using electron
tomography to select Dy and k¢ is not commonly avail-
able, which requires a sophisticated system of transmis-
sion electron microscopy. For most studies, Dy and k¢

can be estimated from a power-law fit of a scatter plot
of N versus the values of Ry/a [13, 33-35].

The value of Dy can vary largely depending on emission
sources and aging processes (Fig. 1). Due to the limitation of
the sampling method, most studies cannot capture the values
during the whole aging processes. Figure 1 shows the pub-
lished Dy data. Dy is obviously smaller at externally mixed
states than that at internally mixed states. Specifically, the
range of external mixture values is 1.53—1.83 [13, 33-41] but
increases to 1.86-2.16 [13, 34, 35, 42, 43] after an internal
mixture with other aerosol components. BC from internal com-
bustion engines can become thickly coated with condensable
material (e.g., sulfate and nitrate salts) after hygroscopic
growth (Fig. 1b), and a large amount of directly emitted organ-
ic matter (including both primary and secondary aerosol) is
internally mixed with BC from sources such as wildfire com-
bustion (Fig. 1a). Traffic-emitted BC mixtures have a higher
value than wildfire emissions after atmospheric aging. Figure 1
also indicates that few observations show that the value of Dy
can reach 3, therefore the core—shell assumption requiring BC
to be spherical is inconsistent with actual morphologies.

Equivalent Diameters

When the physical characteristics (e.g., volume, mass, and
terminal velocity) of BC aggregates are identical with those
of spherical BC particles, the spherical diameters are called
equivalent diameters. The equivalent diameters can be specif-
ically divided into the following categories, reflecting the
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Fig. 1 Fractal dimension (Dy) of 26— ”
previously published data. The Wildfire Traffic Adachi ct al. [43]
hollow and solid symbols —~
represent the externally and \’Q:/ 319 [ s [ s s s ol s
internally mixed BC particles. 3 _ Adachi et al. [42] |
The error bars represent 20 2 o o China et al. [13] Lee et al. [361T wane ot al. (34
uncertainty P i it LS A Sengerat i LR R ]
5 Yuanetal. [35]| |Zhu et al. [37] Wang et al. [34]
£ Yuan et al. |35] Soewono et al, 40| Chandler et al. [39]
- China ctal. [13] @ China et al. [33] )

particle sizes and mixing state according to the measurement
principle. The vacuum aerodynamic diameter (D,) is widely
applicable to the AMS (aerosol mass spectrometer) measure-
ment, defined as the diameter of a sphere with a standard
density that settles at the same terminal velocity as the particle
of interest and usually less than 100 nm for black carbon
because of their formation mechanism [44]. It is an expression
of aerodynamic behavior of an irregularly shaped particle in
terms of the diameter of an idealized particle. Then, particles
having the same aerodynamic diameter may have different
dimensions and shapes. Currently, freshly emitted BC parti-
cles demonstrate fractal chain-like structures consisting of
hundreds or thousands of spherules [2, 11, 13, 34]. Due to
the deficiency of D, in characterizing the BC morphology
and aging, mobility diameter (D) and mass equivalent di-
ameter (D,,,c) are often used in the application.

In practice, a differential mobility analyzer (DMA), aerosol
particle mass (APM) analyzer, and condensation particle
counter (CPC) are often integrated to obtain the BC mass
(Mpc) and mobility diameter (D,,q,) simultaneously [2, 45,
46]. Measurements of D,,,.;, can directly reflect the compact-
ness of BC particles as shown in Fig. 2. Smaller Dy, repre-
sents more compact in morphology with the same Mpc. Under
the spherical assumption, Dy, equals Dy, and D, can be
calculated by Eq. (4):

Dy = Dyyop X V pBC/pO (4)

Fig. 2 A schematic of mobility
diameter evolution reflecting the
compactness of BC-containing
particles

D mob
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where ppc is the material density (the density of particles with
a solid spherical structure), which is different from the effec-
tive density to be discussed next, and py is a constant equal to
1 glem®. D, of a fractal-like agglomerate has a power-law
relation to the BC mass as shown in Eq. (5) [47].

Mpc = C x (Dmob)Dfm (5)

where coefficient C and mass-mobility scaling exponent Dy,
can be obtained by fitting the measured Mpc and D, [2].
The term “fractal dimension” has not been used rigorously for
the Dy, in a couple of studies [24, 48, 49]. Notably, though,
the value of Dy, is not identical to the fractal dimension Dy
described in “Fractal Dimension” due to different calculation
principles [50].

The dynamic shape factor (DSF) evaluates the increase in
drag force on a fractal BC particle compared with a spherical
particle with the same equivalent volume when both are mov-
ing at the same speed [51, 52], calculated from the measured
mobility diameter D,,., and the calculated volume equivalent
diameter D,:

DSF = —eb—ve (6)

where C,. and C, are the Cunningham slip correction factors
for particles with diameter D, and D,,p, respectively. The
value of DSF represents an important parameter to

Dmob
Dmob



Curr Pollution Rep

characterize the morphology of BC-containing particles;
DSF =1 means a spherical particle without cavities. Recent
study [53] has shown that DSF decreases from 2.23 £0.29 at
300 nm Dy, to 1.60 £ 0.20 at 125 nm D, for diesel-emitted
BC particles coated with organic materials. BC particles gen-
erated from incomplete combustion of propane have the value
of DSF decreasing from 2.8 to 1.0 with organic coating pro-
cesses [24, 54].

The change in the mass equivalent diameter AD,,,. (or total
coating thickness) of BC particles can be directly derived from
the total particle mass (44,,) and coating material density (pnon.
Bc), which are usually applicable to quantify the BC aging
[15, 17, 24]. The mass ratio of non-BC matter to BC (My) is
also used to discuss the aging process, and related to AD,,. by
Eq. (7):

Pnon-BC % {(Dme,O + ADn1e)3_(Dme,0)3:|
Mp = 3 (7)
Ppc X (Dme,O)

where D0 is the initial mass equivalent diameter of BC
particles. The value of My or ADy,. shows wide-ranging re-
sults under various aging stages. My varies from about 0 to ~
30 depending on the combustion source [17]. In contrast,
ADye/Dine o changes from 0 to ~ 1.5 in Beijing [24], and the
corresponding My, is 0 to ~ 12 according to Eq. (7). It is diffi-
cult to distinguish aging stages and mixing states only depend-
ing on My or ADy,.. The value of Dy, is intrinsically related
to My or AD,,. through the evolutions of effective density
[45, 46], which is a key parameter relevant to the compact-
ness. The morphology-independent measurement on BC
mixing states has been achieved by measuring the rBC mass
for the particle mass selected monodispered particles, where
both particle mass and rBC mass could be quantified simulta-
neously [17]. In addition, combining with scattering cross-
section measurement of a single BC particle, the volume ratio
between coating and rBC could be obtained, and hereby inte-
grated to also derive the coating volume ratio for bulk [55].

Effective Density

The effective density (pef) is defined as the ratio of the particle
mass (M,) to the volume of its mobility equivalent sphere:

oM,
D3

mob

(8)

Pefr =

The compactness of a particle can be determined by com-
paring the p.g with the material density (the density of particles
with a solid spherical structure). For particles with the same
material density, a smaller peg indicates a looser structure.
Measured pesr values listed in Table 2 from recent literature
[2, 17, 24, 46, 48, 49, 53, 54, 56-63] show great diversities
with various emission sources and mixing states, and changes

from 0.09 to 1.97 g/cm’. Studies in urban environments
(Tables 2) revealed obvious regional differences for both ex-
ternal and internal mixing states [56, 62, 63]. Externally to
internally mixed BC particles exhibit a remarkable change in
morphology, characterized by a decrease in D, but an in-
crease in Dyand pes. The value of p.g approaching the coating
material density indicates complete transformation from highly
fractal to fully compact and spherical BC particles [2, 46, 54].
Recent measurements suggest that there is a critical point quan-
tified by a peg value of 1.20-1.40 g/em® during the transfor-
mation of morphology [17, 24, 62]. Besides, the combustion
condition is the most crucial in determining the p.s value for
externally mixed particles. For a homogeneous combustion of
diesel fuel in the temperature range of 1400-2200 K, lower-
temperature combustion (< 1700 K) produces soot particles
with a high organic content and a near-spherical shape.
Higher-temperature combustion (> 1900 K) yields particles
having fractal morphology [59].

Measurements of BC Optical Properties

Light extinction and absorption of BC containing particles
exhibit distinct differences with the morphological change
from highly fractal to fully compact during the aging process-
es. Three general optical parameters used to describe the light
extinction capacity with various wavelengths include mass
absorption coefficients (MAC), single-scattering albedo
(wy), and absorption Angstrom exponent (AAE).
Measurements of these values are needed at all wavelengths
for optical transfer models to estimate the climate effects of
BC [64]. Table 3 summarizes the values of the three optical
parameters in recent literature, and the details are discussed in
the following subsections.

Mass Absorption Coefficients

Values of MAC (m?/g) are fundamental inputs to radiative
transfer models, required for all aerosols or aerosol compo-
nents, and are estimated by

MAC — Kabs (9)

Mecone

where k,,s represent the light-absorption coefficient (m ") and
Meone 1S the mass concentration (g/m>) of aerosols. For BC-
containing particles, MACpgc, Mcone 18 the BC mass concen-
tration [5]. These quantities are necessary to translate mass
concentrations simulated by chemical transport models to
their effects on radiative transfer. Since chemical transport
models and measurement results often provide BC mass con-
centrations, the term “MAC” for BC-containing particles of-
ten refers to MACgc without special indication.

@ Springer
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Table 2 p.q of BC-containing

particles in literature Stages Emission source Petr (g/om’) Dinop (nm) Refs
Externally mixed Flame soot 0.10-0.56 126-50 nm Zhang et al. [2]

0.10-0.60 350-50 nm Xue et al. [46]
0.18-0.41 300-75 nm Rissler et al. [49]
0.40-0.55 150-80 nm Qiu et al. [54]
0.40-0.80 150-50 nm Khalizov et al. [48]
0.18-0.86 637-95 nm Tavakoli et al. [61]
0.25-0.46 200-100 nm Peng et al. [24]

Diesel exhaust 0.30-0.82 350-50 nm Rissler et al. [49]
0.42-0.90 150-50 nm Barone et al. [57]
0.26-0.94 400-50 nm Rissler et al. [60]
0.09-0.90 707-81 nm Qiu et al. [59]

Wood burning 0.25-1.00 400-50 nm Leskinen et al. [58]

Urban environments 0.10-0.70 414-322 nm Geller et al. [56]
0.51-0.91 230-50 nm Ma et al. [63]

Internally mixed Flame soot 0.40-1.60 200-50 nm Zhang et al. [2]

0.60-1.10 220-50 nm Xue et al. [46]
0.50-1.34 150-80 nm Qiu et al. [54]
0.70-1.40 150-50 nm Khalizov et al. [48]
0.50-1.40 200-100 nm Peng et al. [24]

Diesel exhaust 0.49-1.20 NA Liuetal. [17]
0.77-1.97 300-125 nm Han et al. [53]

Wood burning 0.40-1.30 400-50 nm Leskinen et al. [58]

Urban environments 1.20-1.50 202-50 nm Geller et al. [56]
1.40-1.80 240 nm Liu et al. [62]
1.30-1.63 230-50 nm Ma et al. [63]

Table 3 Optical properties of

BC-containing particles in Stages Optical parameters Value Refs
literatures
Externally mixed MAC (m%/g) 7.50 Bond et al. [1]
8.28 Zangmeister et al. [66]
AAE (/) 1.00 Moosmiiller et al. [75]
1.10 Schnaiter et al. [14]
0.80 Lack and Cappa [83]
1.05 Liu et al. [74]
wo (/) 0.10-0.28 Bond et al. [1]
0.30-0.50 Qiu et al. [59]
0.20-0.37 Khalizov et al. [88]
0.38 Bahadur et al. [89]
Internally mixed AAE (/) 0.80 Schnaiter et al. [14]
1.90 Lack and Cappa [83]
0.90 Liu et al. [74]
wo (/) 0.90 Khalizov et al. [86]
0.75-0.90 Khalizov et al. [88]
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Both laboratory and field-based observations have focused
on the measurement of MAC for BC-containing particles.
Most studies focus on the wavelength of nearby 550 nm.
The most comprehensive assessments of highly absorbing
carbonaceous aerosols are reviews by Bond and Bergstrom
(2006) which reports a BC MAC ranging from 1.6 to
15.9 m*/g with an average of 7.5+ 1.2 m%/g at A=550 nm
for fresh externally mixed BC particles [1], also consistent
with measurement results of Clarke et al. [65]. Zangmeister
et al. [66] have collected 199 measured values of MAC from
published data (1971-2018) for materials reported as BC,
which are used to compare with their results highlighting
MAC variability due to chemical and physical properties.
The results show that MAC at A =550 nm is 8.28 £ 0.34 m?/
g for fresh externally mixed BC particles, 10% higher than the
assessment of BC MAC reported by Bond and Bergstrom
(20006) [1]. BC particles generated from diesel engines repre-
sent the largest single source of reported 199 MAC data (19
reported MAC values). The reported range from diesel ex-
haust for 514 nm <\ <532 nm (7 samples) is 7.4+0.5 to
17 m%*/g (no reported uncertainty) with an average of 9.5 +
33 m2/g. Therein, the error caused by measurement technol-
ogy including filter or non-filter cannot be ignored. For exam-
ple, using only data from filter-based studies results in
MAC =9.67 + 1.50 m*/g, whereas using photoacoustic spec-
troscopy data yields MAC = 8.03 +0.31 m*/g. It should be
noted that the values listed above are for externally mixed
BC particles. Field-based measurements under ambient con-
ditions which include both externally mixed and aged BC
report MAC values ranging from 3.8 to 58 m%/g [67—69].
The BC MAC amplification due to the internally mixing pro-
cess will be discussed in “Absorption Enhancements”.

Absorption Angstrom Exponent

The wavelength dependence of MAC must be represented in
models for the full solar spectrum. The quantity generally used
to characterize wavelength variation in absorption is the ab-
sorption Angstrom exponent. Because aerosol absorption nor-
mally decreases exponentially with wavelength over the visi-
ble and near-infrared spectral region [70-72], the AAE is de-
fined as

A —AAE
MAC()\) = MAC(\o) (A—()) or In(MAC()))

A
= In (MAC(\))—AAE X In (}\—) (10)

0
where MAC()\) and MAC()\o) denote mass absorption cross
sections at an arbitrary wavelength A and a reference wave-
length Ao, respectively. Due to the variation in different ranges
of wavelengths, the AAE approximated by Eq. (10) becomes

quite sensitive to the choice of observational wavelengths
[73]. Two wavelengths spanning the visible range are com-
monly used, that is, 450 and 650 nm [5]. Since absorption
coefficients are proportional to mass absorption cross sections,
some studies use absorption coefficients in Eq. (10) [74].

When the size of BC particles is much smaller than the
incident light wavelength and the refractive index (usually at
visible and near-infrared wavelengths) is wavelength-inde-
pendent, the Rayleigh approximation theoretically derives an
AAE of 1.0 [75], whereas organic aerosols and dust have
higher AAE values [76, 77]. Therefore, AAE has been widely
used for aerosol characterization studies [77, 78]. The AAE
value of an aerosol sample close to 1.0 is considered to be BC-
rich aerosol from fossil fuel burning, and larger AAE values
are understood to indicate aerosols from biomass/biofuel
burning or dust [78]. In another use, AAE has also been quan-
titatively used to separate brown carbon (BrC) absorption
from BC absorption [79, 80]. In the studies of BC/BrC ab-
sorption separation, the BrC absorption from biomass burning
aerosols is usually retrieved by assuming that BrC contributes
no absorption at near-infrared wavelengths and that BC has an
AAE of 1.0 [79-81].

However, owing to the intricate emission sources of BC
particles, numerous studies have experimentally investigated
the value of AAE by measuring the absorption of BC particles
[14, 74, 82, 83]. In a laboratory study, Schnaiter et al. (2003)
found diesel soot to have an AAE of 1.1 and spark-generated
carbon nanoparticles to have an AAE of 2.1 [82]. The differ-
ent AAE values are mainly attributed to differences in the
wavelength dependence of the refractive index for the two
emission sources. Day et al. (2006) measured the aerosol light
absorptions of fresh wood smoke aerosol between 370 < A <
950 nm and reported AAE values between 0.9 and 2.2 that
strongly depended on the type of wood and burning condi-
tions [84]. In the atmosphere, however, BC particles always
co-exist with other aerosol particles. Schnaiter et al. (2005)
internally mixed BC particles with secondary organic aerosol
in a lab and have found that the coating increases particle sizes
[14]. After measuring the absorption of coated BC particles at
450, 550, and 700 nm (see figure 9 of their paper), it is found
that coating decreases BC AAE (from approximately 1.1 to
0.8). In contrast, Lack and Cappa (2010) demonstrate that BC
AAE increases from 0.8 to 1.9 after coating [83]. In
their study, a simplification that coating volume fraction
is considered to be equivalent for all particles may be
problematic and thereby contradict the measurements by
Schnaiter et al. (2005). Liu et al. [74] reached a similar
conclusion as Schnaiter et al. (2005) by a numerical
study considering multiple controllable variables (such
as BC coatings size distribution) that all affect BC
AAE. Specifically, the result shows typical BC AAE
values of 1.05 and 0.90 for externally and internally
mixed BC particles, respectively.
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Single-Scattering Albedo

The single-scattering albedo (wy) is scattering divided by ex-
tinction (i.e., the sum of scattering and absorption), which
represents the aerosol properties most relevant to the balance
between negative and positive radiative forcing. Values of wy
near 1 indicate that the aerosol is mainly scattering, and only
for values below about 0.8 could the particles exert a net
warming effect in the atmosphere for clear-sky conditions
[85].

For BC particles, the wq value of freshly generated aggre-
gates has been measured as 0.10 to 0.28 [1]. As BC becomes
internally mixed with other aerosol components, the value
ranges from that of fresh particles to 0.9 depending upon the
amount of coating material [86, 87]. Besides, combustion tem-
peratures are considered to be essential impactors of the wy
value [59, 88]. Their studies show that combustion of the
leaner propane/oxygen mixtures produces BC particles with
wp in the range of 0.3-0.5, without notable temperature de-
pendence. On the contrary, wy of BC produced using the more
fuel-rich mixtures shows a strong dependence on the combus-
tion temperature. For all of the fuel equivalence ratios tested in
their studies, wy is relatively high (0.75/0.90) for BC produced
at a lower combustion temperature (1796/1400 K) but de-
creases to values as low as 0.37/0.20 when the combustion
temperature exceeds 1876/2100 K. The major cause for the
temperature dependence is probably the composition and
morphology variation due to the temperature condition, as
mentioned in the section of Effective Density.

The spectral dependence of wy has also been proved by the
ground-based Aerosol Robotic Network (AERONET), a
globally distributed network of automated sun and sky radi-
ometers, which provides long-term, continuous, and readily
available measurements of aerosol optical properties [89]. The
association is proved to be weak, and the w, value of 0.38 at
870 nm is recommended, which is higher than that typically
reported by Bond and Bergstrom (2006) [1].

Absorption Enhancement

Internal mixing between BC and scattering coatings increases
light absorption of visible bands, in part because the non-
absorbing material can refract light toward the absorbing par-
ticle known as “lensing effect” [90]. Light absorption en-
hancement (E,,s) due to lensing has been observed for BC
particles coated with SOA [14] or sulfuric acid [2], for graph-
ite coated with oleic acid or glycerol [91], for absorbing
biomass-burning emitted particles coated with organic mate-
rial [16], and for absorbing fuel combustion BC internally
mixed with ammonium sulfate or sodium chloride [91]. Ejps
caused by a mixing state is defined as the ratio of internally
mixed MAC to that of an external mixing state with equivalent
BC mass. Values of E,,s have been widely observed across the
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visible radiation spectrum represented by wavelengths of
405 nm and 532 nm using filter or photoacoustic methods,
which require measuring MAC before and after removal of
coatings with thermal or laser-induced methods [5, 92-94].
Throughout laboratory measurements, controlled experimen-
tal conditions provide quantified impacts of the mixing state
on E,,,, whereas field-based observations concentrate on the
spatial and temporal distribution of E,,s values. A recent re-
port using such a heating denuder method suggests negligible
absorption enhancement of BC in ambient aerosols in North
America [15], which contracts to theoretical estimations of a
factor ~2 [9]. Therefore, due to various experimental condi-
tions, there is an intense debate about the issue of absorption
enhancement.

As depicted by previous observations, the degree to which
BC particles absorb light depends on their coating compo-
nents influenced by emission source and mixing state depicted
with parameters in “Fractal Dimension.” By sorting the E,
values published in the literature since 2005, Fig. 3 demon-
strates that previous laboratory studies [2, 14, 16, 22, 24, 86,
91, 95, 96] yielded a broad range of MAC enhancements from
1.9-2.5 and 1.31-3.5 at wavelengths of 405 nm and 532 nm,
varying with the mass ratio of non-BC matter to BC (My). On
the contrary, a field measurement indicates slightly lower
values than laboratory results that range from 1.13-3.5 and
1.06-2.7 at wavelengths of 405 nm and 532 nm [15, 17, 23,
28, 97-100]. In particular, the mild larger E,,s values at
405 nm for the same literature (as shown in Fig. 3a) with
identical mixtures likely indicates the influence of coating
absorption in this wavelength region. It is generally known
that purely scattering materials coated on BC particles can
significantly enhance absorption due to the focus light toward
the BC core. However, if coating components become absorp-
tive materials (i.e., brown carbon) the values of E,,, will be
increased as a result of absorbing radiation by non-BC mate-
rials. Field measurements equipped with SP-AMS can exclu-
sively characterize the size distributions as well as chemical
compositions of BC cores and the coating materials, and their
results indicate that brown carbon contributed to the observed
E s at 405 nm [92, 93]. In addition to the optical properties of
coating components, the evolution of £, exhibits two distinct
stages (Fig. 3b). At the initial stage of BC coating with My, less
than ~ 3, BC absorption enhancement is limited to less than
5% [15, 88]. Cappa et al. (2012) hypothesized that the low
values of enhancement are caused by BC inclusions at the
edge of the sampled particles [15]. When My is between ~ 5
and ~ 200, E, rapidly rises with the augment of the non-BC
mass. The averaged E,;,s seems to become stable to be ~2.1—
2.6 for My >50 [24, 100]. The lab-measured £, floating up
to 3.5 is a notable value which condenses hydrophilic mate-
rials (i.e., glutaric acid vapor) into fresh BC aerosols and then
investigates BC-water drop mixtures at relative humidity in-
creasing up to 100% [22].
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Mass ratio of coatings to BC particles (MR)

Consequently, coatings affect light absorption enhance-
ment through at least three mechanisms: (a) non-absorbing
coatings can direct more light to BC particles than it would
otherwise receive (“lensing effect”), enhancing the total ab-
sorption; (b) the coating can absorb light directly if it has a
nonzero imaginary refractive index which leads to more en-
hancement than mere lensing effect; and (c) the addition of
coatings can cause fractal BC morphologies to collapse to
more compact, spherical shapes, which can reduce the amount
of light absorbed, probably resulting in the lower values with
the initial transformation from a fractal to spherical morphol-
ogy. In this second case, measured E,,s values affected by
coating absorption is inappropriate to represent pure BC light
absorption enhancement, which essentially contains light ab-
sorption of coatings [83, 98]. MAC of brown carbon has been
estimated to be of the same order as BC at 400 nm [101, 102],
and a large amount of directly emitted organic matters (i.e.,
brown carbon) is internally mixed with BC from sources such
as biomass and biofuel combustion [103, 104]. It is, therefore
reasonable to explain that £, values at 532 nm are more
representative than those at 405 nm for BC absorption en-
hancements caused by internal mixing, especially when the
emission source is biomass burning dominated.

Modeling of the BC Mixing State and Optical
Properties

To determine the macroscopic absorption and scattering
of BC-containing particles, the physicochemical proper-
ties of individual species are required that can serve as
inputs, such as particle size, morphology, and refractive
index [6]. Therefore, optical properties of BC-containing
particles are closely tied to the mixing state [105].
Concurrent with advances in modeling methods, model-
ing tools have become sufficiently complex to incorpo-
rate aspects of the mixing state in their applications. In
this section, we will first review the BC mixing state in
different aerosol models, and then describe existing op-
tical modeling approaches.

Mass ratio of coatings to BC particles (MR)

Mixing State Representation in Models

It is common to use a continuous number distribution as a
function of particle size that predicts its evolution in aerosol
science. However, it is important to realize that in doing so,
the high-dimensional composition space is projected onto one
dimension (size), thereby losing information about per-
particle composition. Therefore, a generalized number distri-
bution with respect to aerosol species is introduced to resolve
the mixing state [106]. The cumulative aerosol number distri-
bution at constituent masses 77 R, time ¢, and location X" is
N (ﬁ), t, 7) (m™?), then the number distribution is defined by

n(ﬁ,t,?) - aAN@’t’ ?) (11)

OOy Oy

where the A-dimensional vector 77 is used to denote aerosol
particles that contain less than j, mass of species «, for all
a=1,..., A. The classical Smoluchowski coagulation equa-
tion [107, 108] provides a solution for the multidimensional
aerosol number distribution in Eq. (11), and has been previ-
ously described in detail by Riemer et al. [106, 109].

Mixing states in aerosol models are characterized by
the way they discretize the aerosol number distribution
function, n(%,7,X). According to the method of
discretization, the main categories of modeling ap-
proaches include bulk models, modal models, moment
models, sectional models, and particle-resolved models.
In this section, we present how these approaches handle
the representation of the BC mixing state.

Limited by computational resources, BC particles are treat-
ed as externally mixed with other aerosol species (e.g., sulfate,
organic carbon, sea salt, and dust) for bulk models [110, 111].
To better simulate the atmospheric aging, the transformation
of fresh to aged BC particles is often treated as an exponential
decay process with a constant half-life [110, 112]. This ap-
proach is computationally efficient, and often used in general
circulation models (GCM), such as the Goddard Institute for
Space Studies (GISS) GCM and the ECHAM GCM. As men-
tioned in “Measurement of BC States”, BC aging depends on
the emission and environmental conditions. The constant
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aging half-life for BC particles could introduce significant
uncertainties.

For distribution-based models (e.g., modal and sectional
models), rules need to be defined to handle the interactions
of number distribution functions for BC and mixtures. The
underlying assumption of modal models is that they represent
BC particle distribution as a sum of modes, and each has a log-
normal (or similar) size distribution described by a small num-
ber of parameters (typically number, mass, and width). This
modeling framework has been adopted in many global and
regional models [113—117]. The choice of number of modes
has to be made considering which chemical species are pres-
ent in various modes, and different models differ in their as-
sumptions. Remarkably, one guiding principle has been to
keep freshly emitted BC particles separately from mixtures
with secondary species. For example, in the Community
Multiscale Air Quality Modeling System (CMAQ) model,
BC is emitted into Aitken and Accumulation modes, respec-
tively [118]. To set up destination modes to represent coagu-
lation between modes, rules describing mode interactions
need to be defined [119], which also vary between different
models. Due to the variations including interaction rules and
mode numbers, there are inevitable uncertainties in modal
models.

While modal models use several overlapping log-normal
function within a size range, sectional models place a grid on
the independent variable space and store the number distribu-
tion in each grid cell. BC mixing states can be solved by
introducing several, potentially interacting univariate distribu-
tions [120—-123]. Three BC-containing distributions with dif-
ferent amounts of non-BC components are used in this ap-
proach [120]. Another possibility is to use a two-
dimensional sectional framework to represent BC inclusions,
with one dimension being dry diameter and the other dimen-
sion being mass fraction. The application includes Weather
and Research Forecasting model coupled with Chemistry
(WRF-Chem) [121], mixing-state-resolved sectional aerosol
model (MOSAIC-MIX) [123], and Size-Composition
Resolved Aerosol Model (SCRAM) [122]. This approach is
computationally more expensive than the modal modeling
approach, because more variables are tracked for each
distribution.

Moment models do not explicitly resolve the distribution,
but rather track the lower-order moments of it. Closure of the
moment evolution equations is the key issue for this approach.
With the introduction of the quadrature method of moment
(QMOM) [124, 125], mixing states can be treated without
the need for a priori assumptions about the size distribution.
The method has also been used in a bivariate test tracking of
BC mixing states and benchmarked with particle-resolved
model results [126]. The result shows that low-order quadra-
tures are found to be highly accurate and feasible to represent
mixing states in large-scale models. Additionally, simulations
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of aerosol dynamics based on moments are free from uncer-
tainties associated with particle size space and tend to have
greatly superior computational speed when compared with the
distribution-based approach.

In contrast to the above approaches, particle-resolved
models explicitly resolve high-dimensional composition
spaces for BC inclusions and provide a tool for benchmarking
aerosol models with respect to mixing states. The method
assumes each particle as an A-dimensional vector 7 e R* with
components (u!, pb, =+, pty ), with 4/, being the mass of spe-
cies « in particle 7, for x=1, -, Aand i=1, -=*, N,. The
composition of each particle can change accompanied with
condensation and evaporation, and the Monte Carlo approach
is also applied for simulating the evolution of particle distri-
butions [106]. For example, a particle-resolved model coupled
with Model for Simulating Aerosol Interactions and
Chemistry (PartMC-MOSAIC) has been developed by
Zaveri et al. [127] and Riemer et al. [106] and applied to
simulate the aging process of BC in an evolving aerosol pop-
ulation. They have found that a continuum of BC mixing
states existed after 24 h of simulation in the context of an
idealized example of an urban plume case. It is worth pointing
out that the information about morphology, fractal dimension,
and the internal structure of the particles is not tracked even in
particle-resolved models. This information plays a key role in
the calculation of optical properties which will be discussed in
the next section.

Optical Models

Approximate models such as the core-shell model or equiva-
lent homogeneous approximations ignore the chain-like ag-
gregate structure and overestimate the light absorption of BC
[17]. The optical properties of aggregates considering the
mixing state of different components have been extensively
studied numerically in the past two decades [32, 74, 128, 129].
The numerical solutions can be classified into approximate
and sophisticated methods according to the theory of compu-
tation, and they can provide BC optical properties with differ-
ent computational accuracies and efficiencies [130]. Due to
the observed high complexity and large variations in BC struc-
tures, most current experiments or field campaigns cannot
provide sufficient observational results for the sophisticated
modeling studies [131-133]. How to choose an appropriate
numerical scheme for various observation results becomes
one of the most fundamental and important methods to im-
prove our understanding of the effects of coating on BC opti-
cal properties. The general connections between mixing prop-
erties and modeling the optical properties of BC-containing
particles are shown in Fig. 4.

Figure 4 summarizes particle properties constrained by
measurements and optical theories to adapt to the mixing
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Fig. 4 Schematic of the connections between the properties of BC-containing particles and modeled optical properties

configuration. Refractive indices of the bulk material are re-
quired to calculate MAC for all models, whereas parameters
used to depict shape and size become not uniform for distinct
models. Global-model calculations of radiative transfer usual-
ly use Mie theory with the core—shell assumption or dielectric
mixing rule for homogeneous mixing [43, 134, 135].
However, even with relatively small particle sizes, optical
properties of the highly complex aggregates cannot be repre-
sented by those of spheres with equivalent mass. To account
for the fractal nature of BC particles, common optical-
modeling treatments include the Rayleigh—Debye—Gans
(RDG) approximation [136], multiple-sphere T-matrix

Fig. 5 A schematic of the models
used to estimate the optical
properties of the BC-containing
particles. a Core—shell. b RDG
approximation. ¢ MSTM/DDA/
GMM

(a) Core-shell

(MSTM) theory [129, 137], generalized multi-particle Mie
(GMM) method [138-140], and discrete dipole approxima-
tion (DDA) method [141, 142]. The theory of optical models
and required inputs is essential to explaining model errors; a
detailed discussion is then subsequently revealed.

The core—shell Mie model assumes that both the BC core
and outer shell are homogeneous (Fig. 5a) and then require
several input parameters, e.g., the sizes of the inner BC core
and outer shell, the refractive indices of the BC core, and
coating materials at interested wavelengths. For the equivalent
diameter discussed in “Equivalent Diameters,” the core of
internally mixed BC particles is appropriate to be represented

(b) RDG approximation (¢c) MSTM/DDA/GMM
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as the mass equivalent diameter (D,,,.) of fresh BC particles
[17,24, 143]. The other two equivalent diameter D, and D,
need to be transformed into D, through approximate relation.

Based on the Mie theory, the above core—shell assumption
for solving the macroscopic Maxwell equations with a multi-
layered sphere [144] is taken into account when modeling the
radiation of BC-containing particles; instead, the effective me-
dium approximation methods (i.e., Bruggeman mixing rule or
Maxwell-Garnett mixing rule) hypothesize the composite ma-
terials as a homogenous mixing sphere (or called effective
medium) that has an effective refractive index (m) calculated
by Egs. (12)-(14).

m=+/e (12)

where € denotes the effective dielectric constant. The
Bruggeman mixing rule [145] treats all materials on an equal
base with the mixture of different components attached. The
Bruggeman mixing rule is given by

€17 € €€ €37 € +
151—1—25 2€2+2€ 3€3+2€
—0, (Vi +VatVit..=1) (13)

where all €, (n=1, 2, 3, ...) refer to the dielectric constant of
individual components and V,, (n=1, 2, 3, ...) is the volume
fraction of the dielectric component and absorbing compo-
nents. The Maxwell-Garnett mixing rule [146] assumes that
a host material contains all other composite materials. The
Maxwell-Garnett mixing rule is given by

€€ B €€ €37 €]
€+2e 2€2+2€1 3€3—|—2€1
+...,Vi+Vo+Vs+...=1) (14)

where € is the effective dielectric constant and € is the dielec-
tric constant of the host material which contains all other com-
posite materials. More details on the difference of effective
medium approximation methods can be found in the algo-
rithms comparison given by Liu [147].

With the assumption of no internal multiple scattering
among BC monomers (Fig. 5b), the so-called Rayleigh—
Debye—Gans (RDG) approximation [32] used to estimate the
absorption cross section (o,ps) of the aggregate can be obtain-

ed by
2ma m’—1
T””{mz—H} (15)

where N and a are similar to Eq. (1), O,y is the absorption
efficiency of the spherule at the radiation wavelength of A, and
m is similar to Eq. (12).

Among all the estimated properties shown in the right por-
tion of Fig. 4, extinction and absorption cross sections (Tey;

Oabs = N(waz)QabS = N(Wa2)4
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and oy,,s) are the direct output of the above models, and the
other parameters are usually calculated to compare with mea-
surements. The mass absorption coefficient (MAC) is calcu-
lated by

Oabs (16)

MAC =
Mpc

where Mpc is similar to Eq. (5) influenced by BC diameter
and density. Compared with Eq. (9), it is noted that the calcu-
lation of MAC is different between the simulation and obser-
vation owing to the distinction of directly obtained parame-
ters. Subsequently, F,, can be predicted according to exter-
nally and internally mixed MAC, with the same definition of
measurements mentioned in “Mass Absorption Coefficients”
and “Absorption Angstrom Exponent.”

Beyond the approximate methods mentioned above, so-
phisticated methods (e.g., MSTM, GMM, DDA) are much
more time-consuming but closer to reality with precisely de-
fined geometry [130, 133, 148]. The modeled MAC for exter-
nal mixing states ranges from 5.53 to 6.79 m?/g at a wave-
length of 550 nm, as shown in Fig. 6 [43, 96, 128, 131,
149-159], which is smaller than the measured values 7.5 +
1.2 m*/g [1] and 8.28 +0.34 m?/g [66]. The discrepancy be-
tween measured and modeled values is dominated by the re-
fractive indices and fractal parameters listed in the left portion
of Fig. 4 [150, 159]. We can also obtain that DDA and MSTM
calculated a 10 to 20% increase for many changes in fractal
parameters, compared with the RDG approximation
neglecting electromagnetic interactions among monomers.
To account for the optical properties of randomly oriented
particles, DDA has to be applied multiple times for averaging
over different particle orientations, whereas only one simula-
tion is needed for the MSTM. The GMM code is serial, and its
computational time is divided by the number of processes
used by the other models for fair comparison. For computa-
tional efficiency, the MSTM is the most efficient one, which is
approximately one and two orders of magnitude faster than
the GMM and DDA, respectively [131]. Because these so-
phisticated methods are based on a precise aggregate structure,
a flexible tunable aggregation algorithm [160] with fractal
parameters as inputs becomes necessary for these three
methods, which can generate BC aggregative morphology
(Fig. 5c). Besides, the DDA method is based on solving
Maxwell’s equations in the frequency domain of arbitrary
particle shape and can be extended to quantify the effects of
minor imperfect structures (e.g., irregularity and coating of
individual BC monomer) on optical properties [161].

In particular, there are inevitable errors among the afore-
mentioned models within various inputs. When the core—shell
Mie theory is applied to aerosol models, the coating fraction
determined by aerosol models becomes an important influ-
ence factor. Jacobson (2010) has proved that the value of
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Fig. 6 Modeled MAC of externally mixed BC particles at wavelength of 550 nm. The error bars represent 20 uncertainty

E,s offers a range of 2~3 depending on the coating fraction
that is simulated by a sectional modal with 14 size bins [162].
Another explanation was put forward by Fierce et al. (2016)
who used PartMC-MOSAIC to evaluate the coating distribu-
tions (Fierce et al., 2016). They found that assuming the mass
fractions of coatings and cores as a constant across all core
sizes led to a two-fold overestimation of absorption enhance-
ment. Furthermore, the refractive index of coating materials is
critical in determining whether the substance is non-
absorbable and therefore affects the estimated optical proper-
ties of internally mixed BC particles. Black carbon and organ-
ic matters have imaginary parts on the order of 10" and 1072,
while water and sulfate are almost non-absorbing with values
from less than 10°° at visible wavelengths to approximately
107 at near-infrared wavelengths [6, 163]. As the coating
component changes from sulfate to organic matter, the absorp-
tion section of the core—shell model increases by 30 to 40%,
but up to a 20% decrease for w, with relative humidity larger
than 90% [19]. The conclusion based on simulation keeps
consistent with the measured E,,s depicted in “Absorption
Angstrom Exponent.” The mixing rule method is useful for
exploring how the coating fraction affects the internally mixed
refractive index. With the increase in coating fraction, the
mixed refractive index becomes closer to the value of non-
BC material, and hence a large increase in w, floating up to
0.8~0.9 [164, 165].

The Dy value plays the most essential role in the aggrega-
tion simulation of externally mixed optical properties. Size-
averaged results demonstrate that freshly emitted BC particles
tend to absorb more light with an increase in Dy and predict w,
decrease from 0.3 to 0.1 [128]. This may be the consequence
of the shielding effect of the outer layer of monomers that
blocks light from penetrating deeply inside a compact aggre-
gate. When BC-containing particles transform into internally
mixed, the relative position between BC aggregates and coat-
ing materials becomes a particularly important model input
[131, 132]. BC-containing particles with partially encapsulat-
ed mixing states yield a value of E,, less than 2, yet the value
can float up to 3.5 under a fully coated assumption with the
value of Dy increasing to 2.8 [132].

In general, it is essential to apply appropriate inputs for
models to improve modeling accuracy. Recent studies under

ambient conditions show that it exhibits a multistage process
from external to internal mixing states, and the core—shell
model tends to overestimate the absorption at the initial pro-
cess; besides, it predicts a reasonable range for fully coated
BC [17, 24]. By comparing the core—shell method with ambi-
ent measurements, Liu et al. (2017) found that the core—shell
model becomes closer to measurements when Mp, is above the
transition threshold of BC aging [17]. To compare MSTM
with ambient measurements, Wu et al. (2018) show that the
model predictions of My-dependent optical properties are im-
proved by integrating BC realistic morphological inputs of
mixing states, leading to the decline in simulation errors of
MAC from ~ 20.6 to ~ 5.1% on average [132]. Therefore, it is
necessary to apply correction coefficients to the widely used
core—shell assumption for adjusting the uncertainty of optical
properties.

Summary and Conclusions

This paper reviews progress in recent studies related to mixing
states and influence on the optical properties of BC. Fractal
dimension, equivalent diameter, and effective density (pes)
are used to characterize BC morphology, and these parameters
are influenced by mixing states and emission sources. The
transformation of mixing states from a highly fractal nature
to a more compact sphere can be reflected by measuring the
decreased electric mobility diameter at the same mass, but
increase in fractal dimension and effective density. Studies
show that fractal dimension increases from 1.53-1.83 to
1.86-2.16 after BC being internally mixed with other aerosols.
The transition in peg has been reported in literatures occurring
at 1.20-1.40 g/cm’. Traffic BC-containing particles have a
more spherical shape than wildfire emissions during atmo-
spheric aging because former mixtures have higher levels of
condensable materials with higher hygroscopicity.

Besides mixing states and emission profiles, the spectral
dependence of radiative properties (i.e., MAC, AAE, wy, and
E,,) must also be considered. Because MAC of brown carbon
has the same order as that of black carbon at 400 nm, E,
values at 532 nm are more representative than those at 405 nm
for absorption enhancements of black carbon. Moreover, there
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are large variations in measured E,,s for both laboratory and
field measurements. Published £, at a wavelength of 532 nm
varied from 1.06 to 2.7 and 1.31 to 3.5 for laboratory and field
measurements, respectively.

Both aerosol models and optical approaches have been
developed to improve our understanding on BC optical prop-
erties influenced by mixing states. Due to the evitable algo-
rithm errors introduced by approximate methods, sophisticat-
ed methods, and aggregation structure, attempts have been
made to provide benchmark approaches for the simulation of
optical properties. As we have discussed in this paper,
particle-resolved aerosol models are suitable for explicitly re-
solving high-dimensional composition spaces that are com-
mon for BC-containing particles. With the development of
aerosol models and optical approaches, high-dimensional
composition spaces for BC inclusions can be solved by
particle-resolved models, and optical properties of particles
with arbitrary shape or anisotropic composition have also been
calculated by sophisticated approaches. However, such
models are much more complex and time-consuming and
lacks shape information in aerosol models. In order to estab-
lish accurate modeling methods, more efforts should be de-
voted to the collaboration of aerosol models and optical ap-
proaches and to the development of chemical transport models
that can reliably predict aerosol optical properties based on the
evolution of the physicochemical mixing state coupled with
sophisticated optical models.
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