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ABSTRACT

Black carbon (BC) aerosols exert important effects on regional and global climate, whilst there still are
significant uncertainties in their optical properties, particularly the spectral varying Angstrom exponents.
This study numerically evaluates the influences of coating morphologies on optical properties of BC with
non-absorbing coating, and evaluates the sensitivity of their Angstrom exponents, including extinction
Angstrom exponent (EAE), absorption Angstrom exponent (AAE) and single scattering albedo Angstrom
exponent (SSAAE), to particle microphysics with the multiple-sphere T-matrix method. Among all micro-
physical parameters, the shell/core ratio and size distribution play substantial roles in determining the
EAE, AAE and SSAAE of coated BC, wherein the dependences of the Angstrom exponents on size distribu-
tion are higher. The EAE, AAE and SSAAE of coated BC by non-absorptive materials with different particle
size distributions change in ranges of 0.3-1.5, 0.3-2.5 and -0.1-0.9, respectively. The core-shell Mie model
can hardly produce accurate results of the Angstrom exponents of coated BC particles, especially the AAE
and SSAAE. Our study reveals that BC coated by non-absorbing materials with large size distribution of
coated BC may show negative SSAAE values for some coating microphysics, indicating the limitation of
separating brown carbon from black carbon with a criterion of negative SSAAE.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Aerosols, released from anthropogenic and natural sources, are

aged BC particles has been an important limitation in the accurate
assessment of their radiative forcing [4,5].
Optical and radiative properties of aged BC are substantially

widespread in ambient air and show significant effects on regional
and global climate, as well as the environment [e.g., 1]. As one of
the strongly absorptive aerosols, black carbon (BC) contributes sig-
nificant positive radiative forcing, being regarded as an important
contributor to global warming after carbon dioxide [e.g., 2]. Fur-
thermore, BC can be coated by secondary aerosol species due to
aging process, forming complex internal-mixed particles, and re-
sulting in complicated microphysical, optical and radiative proper-
ties [3]. Lacking precise understanding and appropriate parameteri-
zation of wavelength-dependent optical and radiative properties of
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impacted by its microphysical properties [e.g., 6], whereas more
and more aged BC microphysics have been revealed based on re-
cent observations. The aged BC observations from biomass burn-
ing quantify that almost half BC particles are fully encapsulated
and about one third are partially coated [7]. Dominated fully and
partially coated BC morphologies are also seen for BC aerosols at
a marine site of Portugal, which can receive air pollutions from
several continents through long-range transports [8]. The measure-
ments by single-particle soot photometer show that shell/core ra-
tio Dp/D. (particle diameter divided by BC core diameter) can vary
between 1.1 and 2.1 in London [9], whereas a range of 2.1-2.7 is
seen in Beijing [10]. These observed coated BC microphysical prop-
erties are the basis for a better simulation of their optical and ra-
diative properties based on numerical modeling. Fractal aggregates
have been widely accepted as BC numerical geometry to simulate
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BC optical and radiative properties, as they show good similar-
ity to realistic BC geometries [e.g., 11]. Meanwhile, BC aggregates
with dispersal monomers or overlapping are considered [e.g., 12],
whereas complicated models of coated BC are also built for coat-
ing effects [e.g., 2,13]. Furthermore, the core-shell Mie model is a
popular model extensively applied in remote sensing and radia-
tive transfer due to high efficiency and simplicity, whilst its per-
formance in approximating optical properties of coated BC, partic-
ularly the spectral varying properties, is still an open question [e.g.,
13].

Among optical properties of aerosols, Angstrom exponents are
significant properties that are used to express relative intensities
of extinction, absorption or single scattering albedo at different
incident wavelengths and to infer aerosol information, such as
type and size. The extinction Angstrom exponent (EAE), absorption
Angstrom exponent (AAE) or single scattering albedo Angstrom ex-
ponent (SSAAE) indicate the wavelength dependences of aerosol
extinction, absorption, or single scattering albedo, respectively [14].
The EAE is regarded to be in association with particle size, whereas
it is not strictly indicative of size due to its dependence on aerosol
absorption [e.g., 15]. The values of EAE less than 1 and larger than
1 implies that particles are dominated in coarse and fine modes,
respectively [e.g., 16]. The AAE gives information of aerosol ab-
sorbing types, describing wavelength variation of particle absorp-
tion [e.g., 17]. For example, the AAE around 1.0 indicates that
particles are pure BC, while BC coated by non-absorbing mate-
rials can show an AAE of about 1.6 [e.g., 18]. For the SSAAE,
Chakrabarty et al. [19] present that brown carbon has a nega-
tive SSAAE, which can be a criterion for separating brown carbon
from black carbon. In addition, the EAE/AAE has also been uti-
lized for studies of estimation of aerosol radiative forcing [e.g., 20].
The Angstrom exponents are significant aerosol optical properties
due to containing important particle microphysical information,
whilst the research focusing on their theoretical studies is gener-
ally limited. Li et al. [21] numerically investigate the Angstrom ex-
ponents of bare BC, whereas the Angstrom exponents of aged BC
impacted by their microphysics are not known, and this limits the
ability to thoroughly understand related measurements in ambi-
ent environment and to perform accurate simulations of radiative
transfer.

Here, systematic investigations of Angstrom exponents of poly-
disperse aged BC particles are numerically performed based on
current understandings. An accurate multiple-sphere T-matrix
method (MSTM) is employed to compute optical properties of
coated BC aerosols at several wavelengths and further their
Angstrom exponents. This study aims at assessing the impacts of
coated BC microphysics, including size distribution, coated vol-
ume fraction of BC, BC geometry, BC position inside coating, and
shell/core ratio on their Angstrom exponents, which is hopefully
beneficial to understanding and application of aerosol Angstrom
exponents.

(a) (b)
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2. Methodology: BC models and numerical simulation

The observations show that freshly emitted BC particles look
like cluster-like aggregates with a mass of similar-sized monomers
|e.g., 2], and their geometries can be successfully described with
the fractal aggregates, mathematically following:

N=l<o<%>Df, (1)

1 N
i=1

where Dy, N, Ko, a and Rg are fractal dimension, monomer number,
fractal prefactor, monomer radius, and gyration radius, respectively
[e.g., 22]. After emitted, BC ages quickly and can be coated by
secondary aerosol species (such as organics) through condensation
and coagulation with time going [e.g., 23]. During aging process,
BC can collapse and becomes compact with a Dy near 3, whereas
fresh BC particles generally exhibit small Dy with values less than
2 [24,25]. Based on the observations by China et al. [7,8], aged BC
aerosols typically show three coating morphologies, i.e., externally
attached, partially coated, and fully encapsulated, and coated vol-
ume fraction of BC (F) has been employed to describe these BC
coating states [26].

We consider coated BC models developed by Zhang et al. [26],
assuming BC aggregates coated by spherical organics with vari-
ous F values between 0.0 and 1.0, and portraying the sketch maps
in Fig. 1 following Zhang et al. [27]. F=0.0, F=1.0, and 0.0 < F
< 1.0 indicate BC aggregates externally attached to, fully encap-
sulated by, and partially coated by organics, respectively. A tun-
able particle-aggregation algorithm on the basis of Skorupski et al.
[28] is applied to generate BC aggregates. Following Zhang and
Mao [6], a N value of 200 is assumed, since ambient BC aerosols
are mostly in accumulation mode. A kg value of 1.2 is consid-
ered [22], and BC Dy values of 1.8 and 2.8 are assumed, signify-
ing loose and compact BC aggregates, respectively [26]. We assume
ideal point-contacting monomers for BC aggregates with overlap-
ping and necking neglected, and it should be noticed that overlap-
ping and necking may enhance the single scattering albedo [29].
More detailed descriptions of the model developed can be seen
in Zhang et al. [26]. For coated BC, shell/core ratio Dp/D, within
1.1-2.7 is considered [9,10]. Given that aged BC models are built, a
multiple-sphere T-matrix method [30] is employed to exactly com-
pute their optical properties.

For ambient atmospheric applications, optical properties of
polydisperse particles averaged over certain size distributions are
meaningful, and our study assumes coated BC particles following a
lognormal size distribution in form of

In(r) — In(rg) 2
v2In(ay)

n(r) =

1
Jomrin(og P ‘( )

(c)

B el

Fig. 1. Sketch maps of geometries of coated black carbon based on Zhang et al. [27]. Examples of fractal black carbon aggregates, containing 200 monomers, are externally
attached to (a), partially coated by (b), and fully coated (c) in organics with coated volume fractions of BC being 0.0, 0.5, and 1.0, respectively.
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where o denotes geometric standard deviation, and rg is geomet-
ric mean radius [e.g., 31]. We consider rg and o being 0.075 um
and 1.59, respectively [32], and size range is within 0.1-1 wm, as
aged BC is mostly observed in accumulation mode. With size dis-
tribution, extinction cross section (Cey:), absorption cross section
(Caps)» and single scattering albedo (SSA) of coated BC can be cal-
culated using

Co = [ ContP()) )
Cos) = [ Can ) (5)
and

(SSA) _ (Cext> - (Cabs)‘ (6)

{Cext)

The EAE, AAE and SSSAE express the dependences of extinction,
absorption and single scattering albedo on wavelength, and con-
ventionally, these Angstrom exponents between wavelengths of 14
and A, are described with

In((Cext (1)) — In({Cext (A2)))

FAEG:22) = = ) — () )
(GG~ I0(Cs 02)))

ME G, i) = — P CasfFD) ®)

and

ARGy MUSSAG)) — In((S5AG))) o

In(A1) —In(Az) '

Obviously, the EAE, AAE and SSSAE are negative slopes of ex-
tinction, absorption and single scattering albedo of coated BC be-
tween wavelengths of A; and A, on log-log scales (A, > Aq), re-
spectively [e.g., 14]. The Angstrom exponents of coated BC are in-
vestigated at wavelengths of 350 nm, 550 nm, and 700 nm in this
study, which are similar to the wavelength selections in Luo et al.
[33]. BC coatings in the atmosphere may include both absorbing
and non-absorbing organics, whereas this study only focuses on
BC with non-absorbing coating following Zhang et al. [26]. The re-
fractive indices of non-absorbing organics and BC are assumed to
be wavelength-independent, being 1.55 — 0i [19], and 1.85 — 0.71i
[34] for three wavelengths considered, respectively. It should be
noted that BC refractive indices have large uncertainties with an
upper-bound of 1.95 — 0.79i and a lower-bound of 1.75 — 0.63i
[34], while the real part of refractive index of non-absorbing organ-
ics can vary between 1.35 and 1.61 due to chemical and physical
complexities [19,35]. Zhang et al. show that absorption enhance-
ment of BC due to non-absorptive coating has low sensitivity to
BC refractive index [36].

3. Results and discussion
3.1. Optical properties of coated BC at a single wavelength

Optical properties of coated BC with a shell/core ratio of 1.9 for
different geometries at an incident wavelength of 550 nm are com-
pared in Table 1. We consider two fractal dimensions of BC with Dy
of 1.8 and 2.8, and five coated volume fractions of BC with F from
0.0 to 1.0, as well as the popular core-shell Mie model. The opti-
cal properties are averaged for an ensemble of coated BC with the
aforementioned size distribution. For a fixed F, the Cey of coated
BC increases as BC Dy increases from 1.8 to 2.8, indicating that
compact coated BC shows larger Cex: than loose one, which is con-
sistent with the results of bare BC presented in Li et al. [21]. With
increased F, the sensitivity of the Cey of coated BC to BC D¢ be-
comes decreasing, i.e., showing decreased difference. The influence
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of BC position inside coating on the Cey is negligible with differ-
ence less than 1%, although the Cex of coated BC with BC aggre-
gates at an outmost position within coating is slightly higher than
that with BC at particle geometric center. The Cex of equivalent-
volume core-shell Mie model is close to that of coated BC aggre-
gates with high F, whereas it can be over 10% higher than that of
coated BC aggregates with low F. The impact of BC Dy on the Cgy
of coated BC is trivial with differences less than 1%, whereas with
F increasing from 0.0 to 1.0, the Cg, of coated BC aggregates in-
creases by a factor of ~2. This may be associated with the lensing
effect of BC due to coating, which is affected by F [26]. The lensing
effect is that non-absorbing coatings on BC can enhance BC ab-
sorption, and scattering material can focus more photons onto BC
core [37], while the sunglasses effect may also be an influence fac-
tor for the absorption of coated BC [33]. Zhang et al. also find that
BC Dy has negligible influence on the Cgps of BC fully coated with
non-absorbing coating [36]. The Cg, given by the volume equiva-
lent core-shell Mie model is significantly larger than that of coated
BC aggregates, and the core-shell Mie model overestimates more
for smaller F. Even for fully coated structure, the core-shell Mie
model gives larger Cg,, than that of coated BC aggregates by about
15%. Given the absorption and extinction, it is expected that coated
BC SSA decreases with more BC aggregates coated by organics,
and the core-shell Mie model underestimates the SSA by at least
10%. Briefly, three important conclusions may be obtained from
Table 1. Firstly, in spite that the fractal dimension of BC has sig-
nificant influences on optical properties of bare BC aggregates [21],
its impacts on optical properties of BC with non-absorptive coat-
ing are negligible. Secondly, the coated volume fraction of BC, as a
microphysical parameter characterizing BC coating state, shows im-
portant effects on optical properties of coated BC, particularly for
its absorption, which can vary by a factor of ~2, highlighting the
importance of coated volume fraction of BC in ambient measure-
ments. Thirdly, the core-shell Mie model can produce acceptable
optical properties of coated BC for high coated volume fraction of
BC (i.e., near 1.0), whereas significant errors may be introduced for
low coated volume fraction of BC, especially for the absorption.

To exhibit clearer comparisons of optical properties of coated
BC with various coating morphologies, Fig. 2 shows the results as
a function of shell/core ratio at all three wavelengths for coated BC
with the aforementioned particle size distribution. With increasing
Dp/De, the Cexe and Cgp of coated BC aggregates decrease, as op-
posed to an increase of SSA. The Cex:, Cgps and SSA of coated BC
aggregates become less sensitive to F, as Dp/D; becomes larger. The
optical properties of equivalent-volume core-shell Mie model un-
der some BC microphysics significantly differ from those of coated
BC aggregates with small coated volume fraction of BC. However,
the core-shell Mie model can generally approximate optical prop-
erties of coated BC aggregates with high coated volume fraction of
BC. The Cext, Cyps and SSA of coated BC aggregates with the afore-
mentioned fixed size distribution decrease with increased wave-
length, indicating positive EAE, AAE and SSAAE, which will be in-
vestigated in the following subsection.

3.2. The Angstrom exponents of coated BC

3.2.1. The EAE of coated BC

Fig. 3 illustrates the EAE, AAE and SSAAE values of coated BC
with the aforementioned particle size distribution. Two results of
Angstrom exponents are discussed: values of subscribe “1” (for ex-
ample, EAE;, AAE; and SSAAE;) correspond to results on the basis
of extinctions, absorptions and SSAs of coated BC at wavelengths of
350 nm and 550 nm, while “2” refers to values between 550 nm
and 700 nm. As illustrated in Fig. 3a-f, the EAE of coated BC ag-
gregates is sensitive to Dp/D¢ and F, and it increases with increased
Dp[Dc or decreased F. Starting from BC Dy of 2.8, with an increase
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Table 1
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Extinction cross section (Cex:), absorption cross section (C,ps), single scattering albedo (SSA), and asymmetry
factor (g) of coated BC aggregates with shell/core ratio D,/D. of 1.9 at a wavelength of 550 nm.

Geometry Cext (x 1072 pum?) Caps (x 1072 pum?) SSA
F=0.00 Df =1.8 7.18 1.55 0.78
Df =2.8 7.41 1.53 0.79
F=0.25 Df =1.8 7.52 1.88 0.75
Df =2.8 7.67 1.83 0.76
F=0.50 Df =2.8 7.89 2.22 0.72
F=0.75 Df =2.8 8.10 2.60 0.69
F=1.00 D¢ =2.8 center? 8.39 3.09 0.63
D; =2.8 outer® 8.41 3.01 0.64
Equivalent concentric sphere 8.32 3.55 0.57
2 BC aggregates at the geometric center of coating.
b BC aggregates at an outmost position inside coating.
2=350 nm 2=550 nm 2=700 nm
0.18 b c M F=00 |
) F=0.5
NA F=1.0
£ . 1 sphere
E 012 v v
N
¢ 0.06
o -
008
e
Z 0.04
[%2]
Ke)
S
0.00
< .
7p)
0p)]
v

1.8 24 12

Dp/Dc

1.2

1.8 24

Dp/Dc

1.8 24 12

Dp/Dc

Fig. 2. Extinction cross section (Cex), absorption cross section (C,ps), single scattering albedo (SSA), and asymmetry factor (g) of coated BC as a function of shell/core ratio
(Dp/Dc) at 350 nm (left), 550 nm (middle), and 700 nm (right). Black squares, red circles, and blue up-triangles indicate coated volume fractions of BC (F) of 0.00, 0.5, and
1.00, respectively, while magenta down-triangles denote relevant results of core-shell Mie model. BC D¢ of 2.8 is considered, whereas for F = 1.0, BC aggregates is located at

particle geometric center.

of Dp/D¢ from 1.1 to 2.7, the EAE; values of coated BC aggregates
with F=0.0 increase from 1.0 to 1.6, while their EAE, values vary
between 1.1 and 2.1. With F being a moderate value of 0.5, the
EAE; and EAE, of coated BC change in ranges of 1.2-1.5 and 1.5-
2.0, respectively, as Dp/D, increases from 1.5 to 2.7. For fully coated
BC with F=1.0, BC positions inside coating result in the EAE differ-
ences within 3%, and the EAE; and EAE, of coated BC aggregates
with Dp/D from 1.9 to 2.7, are in ranges of 1.1-1.4 and 1.6-2.0, re-
spectively. The EAE values of coated BC aggregates are also sensi-
tive to BC Dy, showing relatively low values for compact coated BC,
and the sensitivities become weaker as Dp/D. or F become larger.
The differences of the EAE values induced by BC Dy are negligi-
ble, except for thinly coated BC with F=0.0. The EAE of coated
BC aggregates is sensitive to wavelength selection, and it becomes
more sensitive to coating morphology with the wavelength becom-
ing larger. This is a valuable addition to the previous numerical

study of bare BC results presented by Li et al. [21]. For fixed size
distribution, the EAE; given by the core-shell Mie model is smaller
than that of coated BC aggregates, whilst the core-shell Mie model
only produces close EAE, results to those of thickly coated BC ag-
gregates.

Fig. 4 shows the EAE variations of coated BC at different size
distributions, and three structures of coated BC (BC Dy of 2.8)
with F=0.0, 0.5 and 1.0, and the core-shell Mie model are con-
sidered. The lognormal particle size distributions with rg ranging
from 0.05 um to 0.15 um, and oz of 1.59 are assumed for coated
BC aerosols. Fig. 4 clearly illustrates that the EAE of coated BC is
sensitive to both size distribution and shell/core ratio, and the sen-
sitivity of the EAE to size distribution is higher than shell/core ra-
tio. The EAE values of coated BC decrease as rg increase, i.e., par-
ticles becoming larger. For coated BC with F=0.0, the EAE; shows
wide variation for various size distributions with a range of 0.4-
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Fig. 3. Angstrom exponents of coated BC as a function of shell/core ratio (Dp/Dc). Extinction Angstrom exponent (EAE, upper row), absorption Angstrom exponent (AAE,
middle row), and single scattering albedo Angstrom exponent (SSAAE, bottom row) are considered. Results of coated volume fractions of BC (F) of 0.00, 0.25, 0.50, 0.75, and
1.00, as well as core-shell Mie model are shown from left to right. Black squares and red circles indicate Angstrom exponents of coated BC between 350 nm and 550 nm,
and between 550 nm and 700 nm, respectively. Solid and open symbols denote Dy values of BC aggregates being 2.8 and 1.8, respectively. For F = 1.0, solid symbols indicate
BC aggregates at particle geometric center, whereas half-solid symbols imply BC at an outmost position close to coating boundary.
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Fig. 4. Extinction Angstrom exponent (EAE) of coated BC aggregates (BC fractal dimension of 2.8) with different shell/core ratio (Dp/D¢) and particle size distribution. The
EAEs between 350 nm and 550 nm (upper row), and between 550 nm and 700 nm (bottom row) are considered. Results of coated volume fractions of BC (F) of 0.00, 0.50,
and 1.00, as well as core-shell Mie model are shown from left to right. For fully coated BC structure, BC is located at the particle geometric center. The geometric standard
deviations (o) for applied lognormal distribution are 1.59.
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Fig. 5. Same as in Fig. 4 but for AAE.

2.1. Nevertheless, as F is increased to 1.0, the EAE; of coated BC
becomes slightly low, and its values change from 0.3 to 2.0. The
EAE, exhibits similar pattern to that of the EAE;, and its values
are higher than those of the EAE; of coated BC with the same mi-
crophysics, which vary in ranges of 0.9-2.5 and 0.7-2.4 for F of 0.0
and 1.0, respectively. The EAE given by the core-shell Mie model
can even show negative values for coated BC with thin coating,
and only shows close values to those of coated BC aggregates with
some coating microphysics. The EAE value is commonly an indica-
tor for predominant particle size [e.g., 38], and it can be employed
to distinguish the fine and coarse aerosols [e.g., 39]. However, cau-
tion should be taken in the interpretation of the EAE as an absolute
reference to distinguishing particle size, as the EAE is also signif-
icantly dependent on shell/core ratio, especially for thinly coated
BC.

3.2.2. The AAE of coated BC

The AAE results of coated BC with the aforementioned fixed
particle size distribution are shown in Fig. 3g-1. Obviously, the
AAE of coated BC aggregates is slightly sensitive to D,/D., F, BC
Dy and BC position inside coating, and it becomes less sensitive to
BC Dy with increased Dp/D or F. For externally attached, partially
coated and fully encapsulated BC aggregates, their AAE; values are
in ranges of 0.6-1.1, 0.8-1.0 and 0.9-1.1, while slightly large AAE,
with values in ranges of 0.8-1.1, 1.0-1.2 and 1.2-1.3 are seen, re-
spectively. Significant differences between the AAE values of coated
BC aggregates with fixed size distribution and those given by the
core-shell Mie model are obtained.

Similar to Fig. 4, the results of the AAE; and AAE, of coated BC
with different size distributions are illustrated in Fig. 5. Like the
EAE, the AAE of coated BC is highly sensitive to size distribution
and shell/core ratio, wherein the sensitivity to size distribution is
higher, especially for coated BC with large F. The AAE of coated
BC decreases with ry increasing, and except for the externally at-
tached structure, the AAE, is larger than AAE; of coated BC with

the same coating microphysics. For F=0.0, 0.5 and 1.0, the AAE; of
coated BC alters in ranges of 0.3-1.0, 0.4-1.1 and 0.5-1.4, respec-
tively, whereas the AAE, shows values in ranges of 0.5-1.0, 0.7-1.2
and 0.7-1.5, respectively. The AAE produced by the core-shell Mie
model shows wide variation, and is significantly different from that
of coated BC aggregates. Liu and Mishchenko also find that the AAE
of coated BC is quite sensitive to the choice of wavelength pair,
particle morphology and size [40]. Additionally, Liu et al. demon-
strate that BC size distribution leads to variations in AAE of bare BC
and fully coated BC ranging from 0.8 to over 1.4, and that shape is
a significant factor in determining BC AAE [41].

3.2.3. The SSAAE of coated BC

The SSAAE values of coated BC aggregates with the aforemen-
tioned fixed size distribution are sensitive to D,/D., and decrease
with increasing Dp/Dc, which are portrayed in Fig. 3m-1. The SSAAE
of coated BC also shows sensitivity to F, and with increased F, it
generally decreases for thin coating, as opposed to an increase for
heavy coating. For externally attached structures, the SSAAE; and
SSAAE; of coated BC with BC Dy of 2.8 are seen in ranges of 0.04-
0.48 and 0.11-0.65, respectively, as Dp/D. varies between 1.1 and
2.7. Meanwhile, for partially coated BC with F=0.5, as Dp/D in-
creases from 1.1 to 2.7, the SSAAE; of coated BC aggregates de-
creases from 0.20 to 0.05, whereas the SSAAE, is within 0.13-0.37.
While BC aggregates are fully coated, their SSAAE values are al-
most not sensitive to BC position inside coating with differences
less than 5%, and are observed in ranges of 0.06-0.10 and 0.13-
0.25 for SSAAE; and SSAAE,, respectively. The SSAAE of coated BC
aggregates is only sensitive to BC Dy for thinly coated structures,
and the sensitivity becomes larger as Dy/D. becomes smaller. In
addition, similar to the SAE, the SSAAE shows more sensitivities to
coating morphology for larger wavelength. The SSAAE of equivalent
core-shell Mie model significantly differs from that of coated BC
aggregates, and shows even negative values for some large D,/Dc,
indicating the limitation of core-shell Mie model in approximating
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Fig. 6. Same as in Fig. 4 but for SSAAE.

the SSAAE of aged BC. The negative SSAAE may be a useful cri-
terion for defining brown coating [19], as brown carbon exhibits
an increase of its imaginary part of refractive index towards short
wavelengths [e.g., 42].

Fig. 6 shows the impact of size distribution on the SSAAE of BC
with non-absorbing coating. The SSAAE of coated BC aggregates is
strongly dependent on size distribution, and it decreases with in-
creasing rg, which is similar to the pattern of the EAE. The SSAAE,
and SSAAE, of coated BC aggregates alter from -0.03 to 0.66 and
from 0.01 to 0.88 for externally attached BC-organics, respectively.
Nevertheless, for fully coated BC aggregates, their SSAAE; and
SSAAE, vary in ranges of -0.11-0.26 and -0.02-0.50, respectively.
It is interesting to see that, BC coated by non-absorbing organ-
ics with large coated-BC size distribution can even show negative
SSAAE values for some coating microphysics. Significant differences
are found between the SSAAE values given by the core-shell Mie
model and those of coated BC aggregates. In general, the shell/core
ratio plays a more substantial role than other microphysical pa-
rameters of morphology in determining the EAE, AAE and SSAAE
of coated BC aggregates with a fixed size distribution. Compared
to shell/core ratio, the dependences of the EAE, AAE and SSAAE
of coated BC aggregates on size distribution are higher, and the
EAE and SSAAE are small for large coated BC size. Meanwhile, the
EAE, AAE and SSAAE of coated BC aggregates show dependences
on wavelength, and their values become high for large wavelength
except for the AAE of externally attached BC-organics. The review
by Kahnert and KanngieRer [29] also show that BC AAE and EAE
depend on particle morphology, size, spectral range, BC volume
fraction, and coating materials [32,37,43]. The Angstrom exponents
of equivalent core-shell Mie model generally differ from those of
coated BC aggregates significantly, and therefore, realistic aggregate
structures may have to be employed for spectral varying optical
properties of aged BC particles.

4. Conclusions

The study explores the influences of shell/core ratio, BC geom-
etry, BC position inside coating, coated volume fraction of BC, and
size distribution on the Angstrom exponents of coated BC aerosols.
The fractal aggregate is used to model realistic BC geometry, while
the MSTM is employed to calculate the Angstrom exponents of
coated BC. The results indicate that coated volume fraction of BC
has significant impacts on optical properties of coated BC, partic-
ularly the absorption. The impact of fractal dimension of BC on
coated BC optical properties is negligible, in spite that it shows
important influences on optical properties of bare BC aggregates.
The EAE, AAE and SSAAE of coated BC aggregates with different
particle size distributions vary in ranges of 0.3-1.5, 0.3-2.5 and -
0.1-0.9, respectively. The shell/core ratio and size distribution play
substantial roles in determining the EAE, AAE and SSAAE of coated
BC, wherein the dependences of the Angstrom exponents on size
distribution are higher. Meanwhile, the EAE, AAE and SSAAE of
coated BC aggregates have dependences on incident wavelength,
and their values generally become high for large wavelength. Our
study also reveals that BC coated by non-absorbing organics with
large coated-BC size distribution may show negative SSAAE val-
ues for some coating microphysics, and this implies the limita-
tion of separating brown carbon from black carbon with a crite-
rion of negative SSAAE. In addition, the core-shell Mie model may
introduce significant errors if it is employed to approximate the
Angstrom exponents of coated BC, and thus, accurate morpholo-
gies and models should be applied to account for rigorous spectral
varying optical properties of aged BC aerosols. Moreover, besides
the EAE, AAE and SSAAE investigated in our study, the backscatter-
ing Angstrom exponent (BAE) is another significant optical param-
eter, and the use of light polarization to investigate the size, shape,
and refractive index dependence of BAE has been presented [44].
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