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Abstract. The aerosol absorption Angstrom exponent (AAE)
is a crucial optical parameter for apportionment and char-
acterization. Due to considerable inconsistences associated
with observations, numerical research is a powerful means to
give a better understanding of the AAE of aged black car-
bon (BC) aerosols. Numerical studies of the AAE of poly-
disperse BC aggregates with brown coatings using the exact
multiple-sphere T-matrix method (MSTM) are performed.
The objective of the study is to thoroughly assess the AAE
of coated BC influenced by their observation-based detailed
microphysics and then provide a new AAE parameterization
for application. At odds with our expectations, more large-
sized BC particles coated by thin brown carbon can have
an AAE smaller than 1.0, indicating that BC aerosols inter-
nally mixing with brown carbon can even show lower AAE
than pure BC particles. The AAE of BC with brown coat-
ings is highly sensitive to the absorbing volume fraction of
the coating, coated volume fraction of BC, shell / core ratio,
and particle size distribution with a wide variation, whereas
the impacts of BC geometry and BC position within the coat-
ing are negligible. The AAE of BC with brown coatings can
be larger than 3.0 if there are plenty of small-sized coated
BC particles, heavy coating, or a large amount of brown car-
bon. However, the AAE of BC with non-absorbing coating
appears to be weakly sensitive to particle microphysics with
values around 1.0 (i.e., 0.7-1.4), suggesting the substantial
role of the absorbing volume fraction of the coating in AAE
determination. With more realistic BC geometries, our study

also indicates that the occurrence of brown carbon may not
be confidently determined unless AAE > 1.4. The currently
popular core—shell Mie model reasonably approximates the
AAE of fully coated BC by brown carbon, whereas it un-
derestimates the AAE of partially coated or externally at-
tached BC and underestimates more for a lower coated vol-
ume fraction of BC. In addition, we present a parameteri-
zation of the AAE of coated BC with a size distribution on
the basis of numerical results, which can act as a guide for
the AAE response to the absorbing volume fraction of the
coating, coated volume fraction of BC, and shell / core ratio.
The proposed parameterization of coated BC AAE generates
a decent prediction for moderate BC microphysics, whereas
caution should be taken in applying it for extreme cases, such
as externally attached coated BC morphology. Our findings
could improve the understanding and application of the AAE
of BC with brown coatings.

1 Introduction

Black carbon (BC) aerosols exert a momentous influence on
both global and regional climates on account of their strong
scattering and absorption of radiation (e.g., Ramanathan and
Carmichael, 2008; Guo et al., 2014; Zhang et al., 2015).
Meanwhile, BC tends to be coated by secondary aerosol
compositions (such as organics) with the aging process,
resulting in a complicated mixing state and morphology
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(Schwarz et al., 2008; Myhre, 2009). Among BC coatings, in
addition to non-absorbing components, the absorbing organ-
ics, named brown carbon (BrC), absorb radiation in the ul-
traviolet and visible spectra (Clarke et al., 2007). The largest
uncertainty in the estimation of BC climate effects is rooted
in uncertainties in determining the optical properties deter-
mined by complex microphysical properties (Zhang et al.,
2019a). As one of the most significant optical properties, the
absorption Angstrom exponent (AAE) describes the wave-
length variation in particle absorption, whereas the under-
standing of aged BC AAE is still limited due to internal mix-
ing with non-absorptive and absorbing coatings (e.g., Zhang
et al., 2008; Shiraiwa et al., 2010). The lack of an accurate
understanding and parameterization of the AAE of aged BC
has been a pivotal limitation to the assessment of BC radia-
tive effects.

The concept of AAE is intensively employed for aerosol
characterization, as it is considered to be a special parameter
of aerosol species (e.g., C. Liu et al., 2018). For instance, the
AAE of pure BC is predicted to be wavelength-independent
with a value of 1.0 for particle size less than 50 nm (e.g.,
Moosmiiller et al., 2011), whilst BrC and dust are assumed
to have high AAEs (e.g., Russell et al., 2010). Therefore, in
ambient measurements, large AAE is considered to indicate
that aerosols originate from dust or biofuel and/or biomass
burning, while small AAE near 1.0 is understood to indi-
cate that aerosols are BC-rich particles due to the burning of
fossil fuel (Russell et al., 2010). BrC contributes no absorp-
tion at near-infrared wavelengths and absorbs more at shorter
wavelengths, whereas BC typically shows an AAE of 1.0 at
near-infrared and visible wavelengths (e.g., Kirchstetter and
Thatcher, 2012). The AAE cannot unambiguously be utilized
to quantify the separation of BrC absorption from BC absorp-
tion despite their distinctive functions of incident wavelength
(e.g., Schuster et al., 2016). Additionally, the effects of spec-
ified AAE values on the attribution of BC and BrC light ab-
sorption are also investigated (Lack and Langridge, 2013).

For estimating the AAEs of BC particles, numerous exper-
iments have been conducted by measuring their absorption at
different wavelengths. The soot from diesel shows an AAE
of 1.1, while carbon particles generated from spark exhibit
an AAE value of 2.1 (Schnaiter et al., 2003). After extracting
organics, values of AAE ranging from 0.6 to 1.3 for aerosols
inside a tunnel or close to a roadway are found (Kirchstetter
et al., 2004). The AAE of BC-dominated aerosols produced
with mustard oil is observed to be ~ 1.3 (e.g., Chakrabarty
et al., 2013). For brown coatings, Hoffer et al. (2006) extract
humic-like substances with water from the fine fraction of
biomass burning aerosols and introduce an BrC AAE of 6.0—
7.0. Obviously, reported AAE values of BC particles and
their brown coatings are not concordant in different studies,
and this may be in association with their complicated micro-
physical properties, such as particle size, mixing state, and
chemical component.
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In spite of providing referential AAE values of BC parti-
cles and their brown coatings with measurements, the causes
of the AAEs are generally not clear. For instance, what is the
principal factor in particle microphysics that leads to com-
plicated AAEs? Is it the size distribution, mixing state, or
composition of BC coating? To our knowledge, the measure-
ments have difficulties addressing these questions, whereas
a numerical study is a powerful method that can reveal the
mechanism behind complicated BC AAE. To improve our
understanding of the AAEs of pure BC and coated BC, nu-
merical investigations have been carried out. On the basis of
the core—shell Mie theory, Lack and Cappa (2010) investi-
gate the impacts of brown and clear carbon on BC AAE and
show that BC coated in non-absorbing organics can have an
AAE as high as 1.6, which complicates attributing measured
absorption to BrC within ambient aerosols. Nonetheless, the
core—shell Mie structure is in debate (e.g., Cappa et al.,
2012), as lacy or compact fractal aggregates are widely ac-
cepted for BC geometries (e.g., Liu and Mishchenko, 2018;
Liu et al., 2019). With more realistic geometries of BC aggre-
gates, C. Liu et al. (2018) numerically investigate the AAEs
of bare BC and fully coated BC with non-absorptive coating
and highlight the effect of particle size on the AAE. How-
ever, the impact of brown coatings on BC AAE is not clear,
and meanwhile, no conclusive results for the influences of
coating microphysics on BC AAE have been provided. This
limits the AAE applications in aerosol-climate models, ra-
diative transfer, and remote sensing due to the lack of a thor-
ough understanding and further parameterization of the AAE
of BC with brown coating affected by their microphysics.

Here, numerical studies of the AAE of polydisperse BC
particles with brown coatings are systematically carried
out according to our current understandings. An accurate
multiple-sphere T-matrix method (MSTM) is used for nu-
merical calculation of coated BC absorption properties and
their AAE values. The aim is to evaluate the influences of
particle microphysics, including the absorbing volume frac-
tion of the coating, coated volume fraction of BC, BC po-
sition within coating, BC fractal dimension, shell / core ra-
tio, and size distribution, on the AAEs of BC particles with
brown coatings, which hopefully contributes to understand-
ing the BC AAEs and their parameterization for application.
The performance of the core—shell Mie model for the AAE
of coated BC is also evaluated.

2 Methodology
2.1 Models of coated BC

It is observed that BC particles can be externally attached to,
partially coated in, or fully encapsulated by coatings (China
et al.,, 2013, 2015). This study considers a BC aggregate
core with a spherical coating, following the coated BC mod-
els built by Zhang et al. (2018). Sketch maps of three typi-
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Figure 1. Sketch maps of the geometries of coated black car-
bon. Examples of fractal black carbon aggregates containing
200 monomers are externally attached to (a), partially coated by (b),
and fully coated in (c¢) organics, with the coated volume fractions of
BC being 0.0, 0.5, and 1.0, respectively.

cal coated BC structures considered here (i.e., externally at-
tached, partially coated and fully coated) are portrayed in
Fig. 1. For coated BC, the coated volume fraction of BC (F)
is a crucial microphysical parameter characterizing its mix-
ing state, and it is as follows:

VRe inci
F= BC 1n51de’ (1)
VBC

where VB inside and Vpc are the volume of BC monomers
encapsulated in coating and overall BC volume, respectively
(see Fig. 1). With this definition, the externally attached,
partially coated, and fully coated BC aggregates show F =
0,0< F <1, and F =1, respectively. For coated BC, the
shell / core ratio Dp/D. is an important microphysical pa-
rameter and is defined as the spherical equivalent particle
diameter divided by the BC core diameter (D). The geome-
tries of freshly emitted bare BC can typically be described by
the fractal aggregate (e.g., Sorensen, 2001; Li et al., 2016),
mathematically satisfying the statistic scaling rule with the
following form:

R\ "
N=k0(7) : @

3

where N, kg, Rg, a, and Dy represent the monomer number,
fractal prefactor, gyration radius, monomer radius, and frac-
tal dimension, respectively. The fractal dimension Dy is a pa-
rameter describing the compactness of BC aggregates, and
due to the aging process in ambient air, BC can be coated
by other species, such as organics, becoming compact (i.e.,
large D) (e.g., Coz and Leck, 2011; Tritscher et al., 2011).
The details of the construction of coated BC models and
mixing-state description using BC microphysical parameters
are illustrated in Zhang et al. (2018). The ko of BC aggre-
gates in this study is assumed as 1.2 (Sorensen, 2001), and
BC absorption does not change substantially with Dy varying
from 0.9 to 2.1 (Liu and Mishchenko, 2005). The shielding
effect of N on the absorption of BC aggregates is an impor-
tant topic, as larger N can induce more shielding and result
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in less efficient absorption (Liu and Mishchenko, 2007). This
study considers an N value of 200 for accumulation BC, fol-
lowing the methods described in Zhang et al. (2017, 2018),
because it is observed that BC particles are mostly in the
accumulation mode. Two BC Ds values of 2.8 and 1.8 for
compact and lacy BC aggregates, respectively, are considered
(e.g., C. Liu et al., 2018). The BC shell / core ratio D}/ D,
ranging from 1.1 to 2.7 is assumed based on recent observa-
tions shown in Liu et al. (2015) and Zhang et al. (2016).

2.2 Simulation of coated BC absorption

Given the models of coated BC built, their orientation-
averaged absorption is accurately computed utilizing the
powerful multiple-sphere T-matrix method (Mackowski,
2014). The MSTM is popularly utilized for plentiful numer-
ical research on BC optical and radiative properties (e.g.,
Mishchenko et al., 2016). As it is meaningful to average bulk
aerosol properties over a certain size distribution for atmo-
spheric applications, a lognormal particle size distribution for
an ensemble of coated BC is assumed following

2
1 In(r) —In (rg)

= - — , 4

nr) V2mrin (ag) exp < V21In (ag) > X

where oy and rg demote the geometric standard deviation
and geometric mean radius, respectively (e.g., Schwarz et al.,
2008). Coated BC follows this size distribution, while r is
the radius of the equivalent volume sphere that has the same
volume as that of a coated BC aggregate. We assume rg as
0.075 um (Yu and Luo, 2009) and oy to be 1.59 (Zhang et
al., 2012), as coated BC in the accumulation mode is consid-
ered. Considering size distribution, coated BC bulk absorp-
tion properties are obtained based on the following equation:

f Cans (M)A (). 5)

Tmin

(Cabs> =

The range of radius is set to be 0.05-0.5 um with an equidis-
tant interval of 0.005 um for the averaging. The exact sizes
of BC aggregates can be known on the basis of these coated
BC sizes and shell / core ratios.

We investigate the absorption properties of coated BC
particles at multiple incident wavelengths between 350 and
700 nm in steps of 50 nm. We consider a typical BC refractive
index of 1.85-0.71i (Bond and Bergstrom, 2006), as it is nor-
mally assumed to be wavelength-independent in near-visible
and visible spectral regions (Moosmiiller et al., 2009; Luo et
al., 2018). For the refractive index of the coating of absorbing
organics (i.e., brown carbon), this study assumes its real part
to be a constant of 1.55 (Chakrabarty et al., 2010), whereas
its imaginary part is substantially dependent on the incident
wavelength over shorter visible and ultraviolet regions (e.g.,
Moosmiiller et al., 2009; Alexander et al., 2008). The imagi-
nary parts of BrC refractive indices at different wavelengths
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assumed in this study follow Kirchstetter et al. (2004) and
are shown in Fig. S1 in the Supplement.

2.3 Calculating the absorption ;&ngstrom exponent of
coated BC

Given that bulk absorption cross sections at various wave-
lengths are obtained, we calculate the absorption Angstrom
exponent of coated BC, a microphysical parameter describ-
ing the wavelength variation in particle absorption. As par-
ticle absorption decreases exponentially along with the in-
crease in wavelength over the near-infrared and visible spec-
tral region (e.g., Lewis et al., 2008), the AAE is defined in
the form of (Cyps(A)) = Cor~AAE or

In{Caps (1)) =In(Cp) — AAEIn(2), 6)

where X, Cus, and Co denote the incident wave-
length, aerosol absorption cross section, and a wavelength-
independent constant, respectively. The AAE is normally ob-
tained with particle absorption at two wavelengths following

_ In({Caps (A1))/(Caps (A2)))
In(A1/X2)

AAE =

, (N

where (Caps(A1)) and (Caps(12)) are the aerosol absorption
cross sections at wavelengths of A; and X,, respectively
(e.g., Utry et al., 2014). Nonetheless, the AAE obtained from
Eq. (7) is rather sensitive to observational wavelengths se-
lected, and notable distinct AAE values can be obtained for
different wavelength ranges (Moosmiiller and Chakrabarty,
2011).

To acquire the most representational AAE, absorption
cross sections of coated BC at the eight aforementioned
wavelengths are applied, and the best AAE is obtained by fit-
ting log-transformed absorption over the wavelength spectra
based on a linear regression (see the second format in Eq. 6).
Figure 2 gives an example for the AAE calculation, and the
bulk absorption cross sections as a function of wavelength
are illustrated in logarithmic scale. The black squares in the
figure are calculated by the MSTM for BC particles partially
coated by BrC (BC Df=2.8, Dp/D. =1.9, and F =0.5)
with the aforementioned size distribution and refractive in-
dices. The logarithmic absorption depicts an apparent linear
variation in the figure, and the red line as a result of the
linear fit becomes clear. Therefore, the negative of the line
slope, i.e., 2.1, is the value of the AAE of BC coated by BrC
with relevant microphysical parameters, and the AAE bias
induced by wavelength selection may be averted by this fit-
ting method. Note that the example shown gives a good linear
relationship that is possibly not true for all coated BC cases,
while this fit method still produces the best AAE representa-
tion.
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Figure 2. Absorption cross sections (Cabs) of BC coated by brown
carbon as a function of wavelength (1). The partially coated BC
with BC Df of 2.8, F of 0.5, and Dp/Dc of 1.9 is considered as an
example.

3 The AAE of BC with brown coatings

3.1 Effects of coating structures on the AAE of BC
coated by BrC

Due to various microphysical parameters, we first study their
impacts on the AAE of BC coated by BrC for a fixed particle
size distribution. Figure 3 depicts the AAE of BC aggregates
coated by BrC calculated with the aforementioned methods
for distinct shell / core ratios and coated volume fractions of
BC. The absorption properties are calculated over internally
mixed BC-BrC ensembles with the aforementioned size dis-
tribution. BC fractal dimensions of 1.8 and 2.8 and coated
volume fractions of BC ranging from 0.0 to 1.0 are selected
for the investigation. For fully coated BC aggregates (i.e.,
F = 1.0), an outermost off-center core—shell and concentric
core—shell (Zhang et al., 2019a) are considered in Fig. 3,
while the popular core—shell Mie model is also studied for
comparison.

As evident in Fig. 3, the AAEs of BC coated by BrC are
sensitive to the BC fractal dimension, coated volume frac-
tion of BC, and shell / core ratio. The AAE becomes much
stronger with the shell / core ratio becoming larger, indicat-
ing that thinly coated BC has a small AAE, whereas heavy
coating results in a large AAE. BC particles having a larger
F value exhibit a smaller AAE for the same BC Ds and
Dp/D,. Initiating from BC Dt of 2.8, externally attached
BC-BrC particles exhibit large AAE variation of 0.8-3.5
with Dp/D, ranging from 1.1 to 2.7 (see Fig. 3a). Mean-
while, for partially coated BC showing F = 0.5, values of
AAE vary from 1.3 to 3.1 with D}, / D, increasing in the range
of 1.5-2.7. When BC aggregates are fully coated by BrC,
with the increase in Dp/ D, from 1.9 to 2.7, the AAE varies
in a range of 1.5-2.6. The coated BC AAE is slightly sensi-
tive to the BC position within brown coating, and its sensi-
tivity becomes stronger as Dp/ D, becomes larger. For fixed
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Figure 3. The absorption Angstrom exponent (AAE) of BC aggre-
gates coated with brown carbon as a function of the shell / core ra-
tio (Dp/ D). The coated volume fractions of BC (F) of 0.00, 0.25,
0.5, 0.75, and 1.00, as well as the spherical core—shell structure, are
considered (from left to right). Black squares and red circles indi-
cate BC fractal dimensions of ~ 2.8 and ~ 1.8, respectively, while
blue triangles denote spherical core—shell structures. For coating
cases with F' = 1, black solid squares denote BC aggregates located
at the particle geometric center, while black open squares indicate
BC at an outermost position close to the coating boundary.

Dp/ D, the AAEs of coated BC with an off-center core—
shell structure are slightly larger than those with a concentric
core—shell structure, with differences within 0.2 (see Fig. 3e).
The AAE of coated BC aggregates is also slightly sensitive to
the Dy of BC, and the sensitivity becomes weaker as D),/ D,
or F increase. The AAEs of compact BC coated by BrC (i.e.,
BC Dy =2.8) are generally smaller than those of lacy coated
BC (i.e., BC Df = 1.8), with differences less than 0.3, and
there is almost no sensitivity of AAE to BC Dy for F > 0.
The core—shell Mie model is widely utilized in aerosol—
climate models, whereas its applicability to spectrally vary-
ing absorption properties has not been evaluated. Compared
to the core—shell Mie model, BC aggregates coated by BrC
with various coating microphysics have large AAE values,
indicating that the assumption of the core—shell Mie model
could underestimate BC AAE. This is probably because the
absorption of BC coated by BrC calculated from the core—
shell Mie model shows a slower increase with decreased
wavelength than that calculated using realistic particle ge-
ometry. Moreover, this underestimation becomes stronger if
BC aggregates with brown coating have a smaller F. For
instance, fully coated BC shows slightly larger AAEs than
those of concentric spherical coated BC with differences less
than 0.2, whereas the differences can be as large as 1.0 for
externally attached BC—BrC particles.

On the whole, the impacts of the BC fractal dimension and
BC position within brown coating on the AAE of coated BC
are generally negligible. Nevertheless, the AAE of BC coated
by BrC is highly sensitive to the shell / core ratio and coated
volume fraction of BC, and of the two, the shell / core ra-
tio plays a more important role in the AAE determination,
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Figure 4. The absorption Angstrom exponent (AAE) of BC aggre-
gates (BC fractal dimension of ~ 2.8) coated by brown carbon with
different shell / core ratios (Dp/Dc) and particle size distributions.
Three coated volume fractions of BC, being 0.00, 0.50, and 1.00,
are shown from left to right. For fully coated BC structure, BC is
located at the particle geometric center. The geometric standard de-
viation (og) for the lognormal distribution used is 1.59.

highlighting the significance of BC shell / core ratio mea-
surement in ambient air. The currently popular core—shell
Mie model reasonably approximates the AAE of fully coated
BC by BrC, whereas it underestimates the AAE of partially
coated or externally attached BC and underestimates more
for a smaller coated volume fraction of BC.

3.2 Effect of particle size distribution on the AAE of
BC coated by BrC

The influence of particle size distribution on the AAE of
BC aggregates (BC Df=2.8) coated by BrC at various
shell / core ratios is shown in Fig. 4. Coated volume frac-
tions of BC with F = 0.0, 0.5, and 1.0 corresponding to three
typical BC coating states (i.e., externally attached, partially
coated, and fully coated) are depicted, and BC is considered
to be located at the geometric center for fully coated BC. The
lognormal size distributions for coated BC with r¢ (x axis) in
the range of 0.05-0.15 um and o assumed as the aforemen-
tioned 1.59 are considered.

As clearly illustrated in Fig. 4, the AAE of BC aggregates
coated by BrC is rather sensitive to size distribution, in ad-
dition to the shell / core ratio and coated volume fraction of
BC. The AAE of BC coated by BrC decreases with increas-
ing rg; i.e., coated BC particles are larger. In addition, BC
with different coating structures shows different dependences
on particle size. For the externally attached structure, BC—
BrC internally mixed particles with various distributions give
large AAE variation with a range of 0.6-3.6, wherein thinly
coated BC generally exhibits a small AAE less than 1.0. For
BC partially coated by BrC with F' = 0.5 and fully coated BC
with BC at the particle geometric center, their AAEs vary in
ranges of 0.8-3.3 and 0.9-3.0, respectively. Comparing all
three BC coating structures with D/ D, fixed, the AAE of
BC coated by BrC shows stronger variations in size distri-
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Table 1. Key microphysical properties of coated BC aggregates.

Parameters Applied values

F? 0.0,0.25,0.5,0.75, 1.0

Dy/DY? 1.1,1.5,1.9,23,27

fe 0.0,0.25,0.5,0.75, 1.0

BC D¢ 1.8,2.8

Size distribution & MM 0.075 (0.05-0.15)
og 1.59

2 Coated volume fraction of BC. ® Shell / core ratio of coated BC that is
the spherical equivalent particle diameter divided by the BC core
diameter. © Absorbing volume fraction of the coating. d Fractal
dimension of BC aggregate.

bution when F is larger. Generally, Fig. 4 indicates that BC
coated by BrC gives larger AAEs for a higher shell / core
ratio, a lower coated volume fraction of BC, or a smaller par-
ticle size.

3.3 Effect of the absorbing volume fraction of the
coating on the AAE of coated BC

The above simulations assume BC coated by BrC, whereas
non-absorptive organic carbon can also exist in BC coatings
in ambient air. While the organic coatings in the atmosphere
may contain both absorbing and non-absorbing organics, the
absorbing volume fraction of the coating ( f) is a vital micro-
physical parameter characterizing the percentage of BrC in
the whole coatings with the following equation:
Vabsorbing

f= ®)

Vabsorbing + Vnon—absorbing

where Vapsorbing 18 the volume of BrC, and Vyon-absorbing 1S the
volume of non-absorbing coating. It should be noted that no
one has ever definitively separated BrC from organic carbon.
To a certain extent, the concept of f here may be treated as
if the cases of BrC with imaginary parts of refractive indices
less than those of Kirchstetter et al. (2004) are considered due
to arange of BrC refractive indices being provided (Schuster
etal., 2016). The absorbing and non-absorbing organics form
internally mixed coatings with an effective refractive index
determined by their volume fractions. The effective refrac-
tive index of the internally mixed coatings is generated on
the basis of the popular volume-weighted average method,
since it provides acceptable absorption properties for coated
BC in the accumulation mode (Zhang et al., 2019a, b). For
the refractive index of non-absorbing organics, its real part
is assumed to be the same as that of absorbing organics (i.e.,
1.55), while its imaginary part is considered to be 0. The key
microphysical parameters of coated BC considered are sum-
marized in Table 1.

Figure 5 shows the calculated AAE of coated BC (BC
D¢ =2.8) with a distinct absorbing volume fraction of the

Atmos. Chem. Phys., 20, 9701-9711, 2020
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Figure 5. The absorption Angstrom exponent (AAE) of BC aggre-
gates (BC fractal dimension of ~ 2.8) coated by organics with dif-
ferent shell / core ratios (Dp/ D) and absorbing volume fractions of
the coating ( f). Three coated volume fractions of BC, being 0.00,
0.50, and 1.00, are shown from left to right. For fully coated BC
structure, BC is located at the particle geometric center.

coating and shell / core ratio. Again, the externally attached
BC, partially coated BC with F = 0.5, and fully coated BC
with BC at the particle geometric center are presented as dif-
ferent BC coating states. The absorption properties of coated
BC particles are averaged with the aforementioned fixed size
distribution (i.e., rg = 0.075 um, oy = 1.59). The high sensi-
tivity of coated BC AAE to the absorbing volume fraction of
the coating is clearly depicted, and for fixed Dp/D. and F,
the AAE increases exponentially with the incremental ab-
sorbing volume fraction of the coating. If the BC coating is
non-absorbing organics (i.e., f = 0.0), coated BC with var-
ious shell / core ratios gives the AAE in ranges of 0.7-1.0,
1.0-1.0, and 1.0-1.2 for F = 0.0, 0.5, and 1.0, respectively.
These low AAEs of coated BC may potentially explain the
small AAEs observed in the atmosphere (Schnaiter et al.,
2005; Chakrabary et al., 2013; Gyawali et al., 2012). Nev-
ertheless, as f is increased to 1.0, the AAEs for coated BC
with F =0.0, 0.5, and 1.0 are enhanced by factors of 3.5,
3.0, and 3.2 for heavy coating with D,/D. =2.7 and by
factors of 1.3, 1.3, and 1.5 for thin coating, respectively.
Furthermore, the AAE of coated BC with a fixed F shows
stronger variation in the absorbing volume fraction of the
coating when the shell / core ratio is larger. However, for a
fixed Dp/ D, the variation of AAE in the absorbing volume
fraction of the coating becomes weaker as F' becomes higher.

To reveal the impact of the absorbing volume fraction of
the coating on the AAE of coated BC under different size
distributions, Fig. 6 depicts the AAE results of coated BC
with the abovementioned three different coating structures.
As the AAE of thinly coated BC shows small values with
a narrow variation, heavily coated BC with a D,/ D, of 2.7
is considered for this sensitivity study. One can see that the
AAE of coated BC is sensitive to both the size distribution
and absorbing volume fraction of the coating, and stronger
sensitivity of the AAE to size distribution is found when the
absorbing volume fraction of the coating is larger. For non-
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Figure 6. The absorption Angstrom exponent (AAE) of BC ag-
gregates (BC fractal dimension of ~ 2.8) coated by organics with
different absorbing volume fractions of the coating (f) and par-
ticle size distributions. Three coated volume fractions of BC, be-
ing 0.00, 0.50, and 1.00, are shown from left to right. For fully
coated BC structure, BC is located at the particle geometric cen-
ter. The shell / core ratio is 2.7, and the geometric standard devia-
tion (og) for the utilized lognormal distribution is 1.59.

absorbing coating, the AAE of externally attached BC with
Dy /D = 2.7 is slightly sensitive to size distribution, and its
values are between 0.9 and 1.0. With more BC encapsulated
in non-absorbing organics, the AAEs tend to be more sensi-
tive to size distribution and are in ranges of 0.8—1.1 and 0.7—
1.4 for F =0.5 and 1.0, respectively. This may be associ-
ated with the fact that intensified F enhances the absorp-
tion of BC coated by non-absorbing organics and its AAE
is altered (Zhang et al., 2018). The AAE of BC coated by
non-absorbing organics in our study is coincident with corre-
sponding results presented in C. Liu et al. (2018) and L. Liu
et al. (2018). With incremental absorbing coatings, the AAE
increases sharply, showing large values in ranges of 2.9-3.6,
2.6-3.3, and 1.9-3.0 for BC coated by BrC with F = 0.0,
0.5, and 1.0, respectively.

In general, the absorbing volume fraction of the coat-
ing plays a more substantial role in the AAE determination
than other sensitive microphysical parameters. The AAE of
BC with non-absorbing coating shows weak sensitivity to
size distribution, shell / core ratio, and the coated volume
fraction of BC, and a narrow AAE variation is seen with
values around 1.0 (i.e., approximately 0.7-1.4). However,
with an increasing absorbing volume fraction of the coat-
ing, the coated BC AAE increases exponentially and be-
comes strongly sensitive to size distribution, shell / core ra-
tio, and the coated volume fraction of BC with a wide vari-
ation. In addition, our results with more realistic geome-
tries indicate that the occurrence of BrC can only be deter-
mined with confidence if the AAE of coated BC is larger
than 1.4. This is generally consistent with the findings of
Lack and Cappa (2010) produced by a core—shell Mie model,
showing that BrC cannot be assigned with confidence unless
AAE > ~ 1.6.
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3.4 Parameterization of the AAE of coated BC

After sensitivity analysis of all microphysical factors in the
previous subsections, it apparently becomes feasible to pa-
rameterize the AAE of coated BC on the basis of the de-
composition of the impacts of its microphysics. Among all
microphysical parameters of coated BC, the absorbing vol-
ume fraction of the coating, coated volume fraction of BC,
shell / core ratio, and particle size distribution have signif-
icant effects on the AAE, whereas the impacts of the BC
fractal dimension and BC position within the coating are
comparatively negligible. Compared to the absorbing vol-
ume fraction of the coating, coated volume fraction of BC,
and shell / core ratio, the effect of particle size distribution
on the AAE is comparatively complicated. Meanwhile, the
impact of size distribution on the AAE is generally smaller
than the other three important microphysical parameters and
shows close sensitivities to the absorbing volume fraction of
the coating and shell / core ratio only for fully coated BC.
Thus, to make the parameterization feasible, the absorbing
volume fraction of the coating ( f), coated volume fraction of
BC (F), and shell / core ratio (Dp/ D.) are used for the AAE
parameterization, whereas the size distribution is not consid-
ered (i.e., to be fixed). As discussed previously, the absorbing
volume fraction of the coating, coated volume fraction of BC,
and shell / core ratio show a clearly monotonic impact on the
AAE but to varying degrees. With other microphysical pa-
rameters fixed, the AAE of coated BC varies exponentially
with each of these three parameters (i.e., f, Dp/Dc, and F)
and can be fitted well by power-law functions. To be more
specific, for a fixed size distribution, the AAE of coated BC
is assumedly expressed by

AAE = AAE( + k;ek2/ 4 kzek4Pp/De y fsokeF ©)

where k1—kg denote the coefficients, indicating the signifi-
cance of the relevant influence on the AAE of coated BC.
Considering the aforementioned fixed size distribution (i.e.,
rg =0.075um, oy = 1.59), which is commonly utilized in
aerosol—climate models, the coefficients (with 95 % confi-
dence range) can be fitted and the AAE of coated BC is given
by

AAE = 6.04 — 1.34e7 221 — 6.12¢7 9470/ De _ 1 08¢046F . (10)

The fitting coefficients in Eq. (10) are acquired based on the
smallest root mean square relative errors for all calculated
values of AAE (R% = 0.86). The correlation coefficient for
parameterizing with three variables (i.e., f, Dp/Dc, and F)
is mildly smaller than that with one variable (i.e., using f,
Dp/De, or F and fixing the other two), and this is possibly
associated with the lack of consideration of the combined
interaction effects of f, D,/Dc, and F on the AAE in the
parameterization. The influences of particle microphysics on
the AAE of coated BC are obviously confirmed by corre-
sponding coefficients in Eq. (10) with a quantitative under-
standing. High absolute values of fitting coefficients imply
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Figure 7. Absolute differences between the absorption Angstrom
exponents (AAEs) approximated by Eq. (10) and those given by
accurate numerical simulations. BC aggregates (BC fractal dimen-
sion of ~2.8) coated by organics with different shell / core ra-
tios (Dp/Dc) and absorbing volume fractions of the coating (f)
are considered. Three coated volume fractions of BC, being 0.00,
0.50, and 1.00, are shown from left to right. For fully coated BC
structure, BC is located at the particle geometric center.

showing more significant impacts on the AAE of coated BC,
while their negative or positive sign indicates the correlation
sign. It is evident that the coated BC AAE is more sensitive
to f and Dp/D, than F.

To confirm the capability of this parameterization to ap-
proximate the AAE of coated BC, Fig. 7 demonstrates abso-
lute differences between the AAEs approximated by Eq. (10)
and those from exact numerical simulations. It is clear that
most of the approximated AAE results are in good agreement
with the exact simulations, with differences less than 0.2.
The externally attached BC shows relatively poor agreement
compared to the partially and fully coated BC particles. How-
ever, considering that the partly and fully coated morpholo-
gies are dominant in aged BC based on observations (China
etal., 2013, 2015), Fig. 7 reveals that this simple parameteri-
zation method we proposed gives rather accurate estimations
of the AAE of coated BC with typical size distributions.

3.5 Atmospheric implications

The theoretical results presented may show universal signifi-
cance, as inorganic species contained in ambient BC coatings
exhibit similar refractive indices to those of non-absorptive
organics in this study. It is found that the absorbing volume
fraction of the coating plays a crucial role in the AAE de-
termination, and the AAE of BC with non-absorbing coat-
ing is weakly sensitive to particle microphysics with val-
ues around 1.0 (i.e., 0.7-1.4). However, the AAE of BC
with brown coatings is highly sensitive to the absorbing vol-
ume fraction of the coating, coated volume fraction of BC,
shell / core ratio, and particle size distribution with a wide
variation, while the effects of the BC fractal dimension and
BC position within the coating are negligible. With BrC con-
tained in the coating, the AAE can be larger than 3.0 for
coated BC with more small particles, heavy coating, or more

Atmos. Chem. Phys., 20, 9701-9711, 2020

BrC. Although the volume of BrC seems to be responsible for
the large AAE of coated BC, more BC encapsulated in brown
coating or more large-sized coated BC particles reduce this
effect. Interestingly, BC coated by thin BrC with a large size
distribution (i.e., large r¢) can have an AAE smaller than 1.0,
and this implies that BC aerosols containing BrC can even
show a lower AAE than pure BC particles, which challenges
conventional beliefs. Meanwhile, the ambient measurement
of small AAE (such as values near 1.0) does not exclude
important contributions from BrC to absorption, since BC
particles coated by BrC can give similar small AAE values
based on our exact numerical simulation. Our results with
more realistic geometries also indicate that the occurrence of
BrC may not be confidently determined unless AAE > 1.4.
Furthermore, the impacts of aerosol microphysics on coated
BC AAE can be understood by Eq. (9) and can be quantita-
tively obtained by Eq. (10) for coated BC under a typical log-
normal size distribution (i.e., rg = 0.075 pm, and oy = 1.59).
The effects of various microphysical parameters on coated
BC AAE are rather complex, and finding a best AAE param-
eterization is difficult. Nevertheless, with the help of Eqgs. (9)
and (10), the AAE of coated BC with brown coatings may be
easily obtained if its key microphysics (i.e., size distribution,
shell / core ratio, absorbing volume fraction of the coating,
and coated volume fraction of BC) are known.

4 Conclusions

The study numerically investigates the AAEs of polydisperse
BC particles with brown coatings affected by their micro-
physics that are constrained within realistic ranges based on
observations. The BC morphology is modeled by the fractal
aggregate, whereas the MSTM is employed to exactly cal-
culate the light absorption of coated BC. The results reveal
that the AAE of BC with brown coatings is highly sensi-
tive to the absorbing volume fraction of the coating, coated
volume fraction of BC, shell / core ratio, and particle size
distribution with a broad variation, while the influences of
BC position within the coating and the BC fractal dimen-
sion are generally negligible. Nevertheless, the AAE of BC
with non-absorbing coating is weakly sensitive to particle
microphysics with values around 1.0 (i.e., 0.7-1.4), indicat-
ing the substantial role of the absorbing volume fraction of
the coating in determining the AAE. The AAE of BC with
brown coatings can be larger than 3.0 for coated BC with
more small particles, heavy coating, or more brown carbon.
Meanwhile, BC coated by thin brown carbon with a large
size distribution can show an AAE smaller than 1.0, imply-
ing that BC aerosols containing brown carbon can even show
alower AAE than pure BC particles, and this challenges con-
ventional beliefs. With more realistic geometries, our study
also indicates that the occurrence of brown carbon may not
be confidently determined unless AAE > 1.4.
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Although it is challenging to parameterize the AAE of
coated BC based on various microphysical properties, we
present a simple AAE parameterization method with key
parameters (i.e., coated volume fraction of BC, shell / core
ratio, and absorbing volume fraction of the coating) for a
known particle size distribution. For a typical lognormal size
distribution (i.e., rg = 0.075 pm, and oy = 1.59), the com-
plicated influences of sensitive microphysical parameters on
the AAE of coated BC can be quantified with a good fitting
correlation coefficient (R2 = (.86). Overall, the work clearly
demonstrates the distinctive importance of diverse micro-
physical properties for the AAE of coated BC. Nevertheless,
caution may need to be taken with our results as a guide,
since ambient observations of the microphysical properties
of aged BC are still limited at present.
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