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Abstract: In this work, the absorption Angstrém exponent (AAE), extinction Angstrém exponent
(EAE), and single-scattering albedo (SSA) of black carbon (BC) with different coating materials are
numerically investigated. BC with different coating materials can provide explanations for the small
AAE, small EAE, and large AAE observed in the atmosphere, which is difficult to be explained by
bare BC aggregate models. The addition of organic carbon (OC) does not necessarily increase AAE
due to the transformation of BC morphologies and the existence of non-absorbing OC. The addition
of coating materials does also not necessarily decrease EAE. While the addition of coating materials
can increase the total size of BC-containing particles, the effective refractive index can be modified
by introducing the coating materials, so increases the EAE. We found that it is not possible to
differentiate between thinly- and heavily-coated BC based on EAE or AAE alone. On the other hand,
SSA is much less sensitive to the size and can provide much more information for distinguishing
heavily-coated BC from thinly-coated BC. For BC with different coating materials and mixing states,
AAE, EAE, and SSA show rather different sensitivities to particle size and composition ratios, and their
spectral-dependences also exhibit distinct differences. Different AAE and EAE trends with BC/OC
ratio were also found for BC with different coating materials and mixing states. Furthermore, we also
found empirical fittings for AAE, EAE, SSA, and optical cross-sections, which may be useful for
retrieving the size information based on the optical measurements.

Keywords: Angstrom exponent; black carbon; organic carbon; mixing states; morphology

1. Introduction

As an important component in the atmosphere, atmospheric aerosols have great impacts
on climate change by absorbing or scattering solar radiation in the atmosphere [1,2]. However,
the radiative effects for climate may be varied for different aerosols. Some aerosols (e.g., black carbon
(BC), brown carbon (BrC)) may have a positive radiative forcing effect, while others (e.g., sulfates,
nitrates) may have a negative radiative forcing effect [3]. The diversities of aerosol effects lead to large
uncertainties in the quantification of climate forcing.

For a better understanding of the effect of aerosol, numerous studies have attempted to
infer microphysical characteristics of aerosols based on the observed optical properties at multiple
wavelengths. Among these optical properties, extinction Angstrom exponent (EAE) [4], absorption
Angstrém exponent (AAE), and single-scattering albedo (SSA) are widely used [5,6]. The knowledge
of the spectral dependence of aerosol extinction is rather significant for estimating aerosol forcing
and retrieving the microphysical properties of aerosols [7,8]. Due to the varieties of physical and
chemical characteristics, the extinction spectral dependence varies among different aerosol types [9].
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The extinction spectral dependence can be represented by EAE. The EAE is an effective tool for
inferring the aerosol type [8,10]. Kaufman [11] and showed that EAE can be used to estimate the
size information of atmospheric aerosol. Schuster et al. [10] found a strong correlation between the
EAE and the size distribution of the atmospheric aerosols. Consequently, the EAE can be used for
inferring the size information of aerosols [11]. SSA, a sign of the ratio of scattering to absorption,
is a commonly used parameter to reflect the contribution of aerosol absorption and scattering to the
radiative effects. In addition, it is often used to distinguish absorbing aerosols from non-absorbing
aerosols [6]. AAE represents the wavelength dependence of the absorption and is varied in different
compositions of absorbing aerosols [12-15]. A simplistic line of reasoning takes BC AAE to be close
to 1 and SSA close to 0.3-0.4, higher values are assumed to indicate the presence of BrC. In addition,
the understanding of spectral optical properties is helpful for the estimation of aerosol radiative
forcing [16]. Consequently, the knowledge of spectral-dependent radiative properties is significant in
climate study.

BC, the strongest aerosol absorber in the atmosphere [17], has become recognized as the second
most important anthropogenic contributor after CO; to global radiative forcing [18,19]. However,
due to the complex morphologies and mixing states, the knowledge on the radiative properties of
BC is still limited, especially for the spectral-dependent properties. Therefore, it is imperative to
provide further information about the radiative properties of BC. Although measurements can provide
reference data for radiative properties of aerosols in different environments, it has less ability to
reveal how the complex radiative properties are caused. Moreover, as measurements are not available
in all circumstances, numerical calculations can be supplements for measurements. EAE of BC is
quite sensitive to the size distribution and a range of 1.10-1.63 for BC aggregates was reported by
Li et al. [20] and Smith et al. [21], and the range is wide for estimating the radiative forcing. SSA of
bare BC aggregates is commonly within 0.1-0.4 [22,23]. However, it is also affected by coating
thickness [24]. Even though BC AAE of about 1 is widely accepted, recent studies have shown that
there is still large uncertainties due to the complex morphologies, monomer radius, BC refractive index,
and coatings [20,25,26]. Li et al. [20] showed the size distribution and BC shape have great impacts on
AAE; Liu et al. [25] demonstrated that BC AAE is also affected by BC refractive index; Conrad and
Johnson [26] showed that both BC refractive index and monomer radius can affect BC AAE.

The most commonly used radiative parameterizations assuming that BC aerosols are represented
by a spherical structure, while observations often show an aggregate structure for BC [27-29].
Freshly emitted BC aggregates are widely assumed to present a fractal structure, while BC
can mix with other chemical materials with atmospheric aging, so leads to more complex
structures [28,30,31]. Although numerous studies have investigated the radiative properties of BC with
various structures [32-34], they mostly focused on the optical cross-sections, and the understanding
of BC AAE, EAE, and SSA is still rather limited. Table 1 summarizes the recent studies on the
numerical investigation of AAE, EAE, and SSA of BC. Limited studies have investigated the AAE,
EAE, and SSA of black carbon under a real size distribution. Even though Kahnert et al. [35] and
Liu and Mishchenko [36] have investigated the AAE and EAE of BC with non-absorbing coatings,
their studies are based on a single particle. In the atmosphere, numerous particles exist. BC sizes are
not fixed and commonly present a distribution. A single particle model cannot give results that are
representative of the remote sensing related AAE, EAE, and SSA values. To connect the modeling
with the observations, there is a need to calculate the bulk optical properties of BC under a real
size distribution. Therefore, in recent years, some studies have investigated the optical properties
of BC under real size distributions. For example, Li et al. [20] have investigated BC morphological
effects on AAE and EAE, while coated BC was not considered. Liu et al. [25] have investigated the
AAE of heavily-coated BC, while just non-absorbing coatings were considered and EAE was not
investigated. BC is greatly possible to mix with different materials, including non-absorbing materials,
and strong spectral dependent organic carbon, namely brown carbon (BrC). A recent study conducted
by Zhang et al. [37] have investigated the AAE of BC with brown coatings, while the coating structures
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were assumed to be spherical, and just partially-coated and heavily-coated BC were considered.
In many cases, BC is coated with a thin layer of non-BC materials, and the coating structures are not
spherical [38]. BC morphology can vary with atmospheric aging. In addition, Zhang et al. [37] did not
compare the AAE difference of BC with different coating materials, and EAE was not investigated.
So there is a need to investigate different AAE and EAE of BC with different coating materials. SSA,
another parameter widely used in remote sensing, is important to infer the aerosol type. As shown in
Table 1, the numerical investigation of BC SSA was commonly based on the single BC, and limited
studies have investigated the SSA of coated BC under a real size distribution. In addition, in remote
sensing, some AAE, EAE, and SSA values are used, while rather limited studies have noticed spectral
dependences. This should be carefully noticed, as AAE, EAE, and SSA are often measured in different
wavelengths in various literature. To give an implication for the use of AAE, EAE, and SSA values in
different studies, there is a need to investigate the spectral-dependences AAE, EAE, and SSA.

Table 1. Relevant literature on the numerical investigation of absorption Angstr'c')m exponent (AAE),
extinction Angstrbm exponent (EAE), and single-scattering albedo (SSA) of black carbon (BC).

Bulk Optical

Relevant Literature AAE EAE SSA BC Type Properties Coating Type
Kahnert [39] No No Yes Bare No No
Liu and Mishchenko [22]  No No Yes Bare No No
Kahnert [40] No No Yes Bare No No
Wu et al. [41] No No Yes Bare No No
Liu et al. [42] No No Yes Bare No No
Wu et al. [38] No No  Yes Thinly-coated No Non-absorbing
Wu et al. [24] No No  Yes Thinly-coated No Non-absorbing
Cheng et al. [43] No No Yes Thinly /Heavily-coated No Non-absorbing
Cheng et al. [44] No No Yes Heavily-coated No Non-absorbing
Kahnert et al. [35] Yes No  Yes Heavily-coated No Non-absorbing
Liu and Mishchenko [36] Yes  No  Yes Thinly /heavily-coated No Non-absorbing
Liu et al. [45] No No  Yes Partially /Heavily-coated No Non-absorbing
Scarnato et al. [46] Yes No  Yes Partially /Heavily-coated No Non-absorbing
Dong et al. [47] No No Yes Partially No Non-absorbing
Luo et al. [48] Yes Yes No  With different coating structures No Non-absorbing
Lietal. [20] Yes Yes Yes Bare Yes No
Liu et al. [25] Yes No No Bare/Heavily-coated Yes Non-absorbing
Zhang et al. [37] Yes No No Partially /Heavily-coated Yes Brown
Lack and Cappa [49] Yes No  Yes Spherical Yes Brown/Non-absorbing

As AAE, EAE, and SSA are commonly used to infer aerosol types, it is important to understand
the different features of AAE, EAE, and SSA of different aerosols. However, there are few studies
that compare the distinct difference of AAE, EAE, and SSA for BC with different coating materials
and different mixing states. With the atmospheric aging, the coating materials can increase and BC
morphologies become more compact, so we used two types of BC to represent BC at different aging
status. As some inversion techniques are being developed to infer the microphysical properties of
carbonaceous particles, the understanding of the distinct properties of BC with different coating
materials, and different aging status seem to be very important. In this work, we intend to answer the
following questions:

How the observed AAE, EAE, and SSA are affected by coating materials and mixing states?
What is the difference between BC with different coating materials?

What is the difference between BC with different aging status?

Can we find an empirical fitting to characterize all the spectral-dependent radiative properties?

L.

In this work, bulk AAE, EAE, and SSA of BC with different coating materials and mixing states
are investigated using typical size distributions measured in the atmosphere. The effects of coating
materials are investigated by assuming two types of coatings: BrC coatings and non-absorbing
coatings. The different impacts of the particle size and wavelength dependence are also demonstrated
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for different coating materials and mixing status. Our results may be helpful for aerosol discrimination
and inferring BC radiative properties at multiple wavelengths.

2. Methodology

2.1. Shape and Mixing States of BC

Current remote sensing techniques commonly assume aerosols to be spherical, as the calculations
can be executed using the Mie theory [50-52]. However, the spherical assumption for aerosol does
not reflect reality. Non-spherical aerosols exist in many conditions [53,54]. Especially, BC radiative
properties are largely affected by their morphologies [29,55]. Therefore, the non-sphericity of BC
should be carefully considered. Freshly emitted BC is composed of numerous monomers, and the
fractal law is widely accepted to describe the shape [56]:

s = ko( )" (1)
R=Llyp 2
e B @

where 7; and R represent the monomer number and monomer radius; ko and Dy are the fractal
prefactor and the fractal dimension, respectively; the radius of gyration is denoted by R, and [;
denotes the distance between the ith monomer and the center of the cluster.

Dy can be used to characterize the compactness of BC aggregates [57,58]. It is well-acknowledged
that larger Dy can denote more compact BC aerosols. Freshly emitted aggregates commonly have
Dy less than 2.0 [27,59,60]. However, as the particles age, BC can be collapsed to a near-spherical
structure [59]. Furthermore, in the aging process, BC tends to be coated with other chemical
constituents [33,38,43]. There are two types of coated BC which are commonly observed: thinly-coated
BC and heavily-coated BC. BC covered with a thin layer of coatings was assumed to be still a fractal-like
structure, and D f of 1.8-2.6 is considered for thinly-coated BC. However, as the coatings become thicker,
BC tends to be nearly spherical particles [17]. Therefore, D of heavily-coated BC is assumed to be 2.6.
Reported kg also varies in different studies. Lattuada et al. [61] reported a k¢ of 1.17 for diffusion-limited
cluster aggregation (DLCA) aggregates; Sorensen [62] show typical fractal aggregates present a ko of
approximately 1.3; Amin et al. [63] obtained a k( range of 1.68-1.86 in counterflow flames. However,
Liu and Mishchenko [22] demonstrated the optical cross-sections don’t change largely as kg increases
from 0.9 to 2.1, and the variation was below 10%. As ko has less significant effects on the radiative
properties of BC, similar to many modeling studies [25,33,38], we used the kg value of 1.2 suggested
by Sorensen and Roberts [58]. Monomer radius is commonly in the range of 10-25 nm [64]. In this
work, we mostly focus on the effects of brown and non-absorbing coatings, and the effects of monomer
radius were discussed in other studies [22,39,65]. Therefore, the monomer radius is fixed to be 20 nm.

2.2. Generation of BC

Although fractal structures are widely accepted to characterize the shape of freshly emitted BC,
as the BC ages, BC becomes more compact and OC materials can condense onto the BC. Therefore,
BC can be embedded in an OC shell [28,30]. When the non-BC fraction is low, BC can still present
near-fractal structure (referred to as thinly-coated in this study) [30]. As BC is further coated,
BC becomes more compact and the coating shell becomes more spherical [17,66]. Eventually, BC is
included in an approximately spherical shell (referred to as heavily-coated in this study) [28].

A closed-cell structure was used to represent the thinly-coated soot [67-69]. Although the real
shape of thinly-coated BC is more complex, a closed-cell structure can characterize the morphology and
can be calculated with fast computation speed [24]. In addition, Kahnert [33] demonstrated that the
optical cross-sections of the closed-cell model are generally correspondent with those calculated using
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more morphologically realistic coated models for thinly-coated BC. Moreover, He et al. [70] found
optical cross-sections of different models (including the closed-cell model) are in general agreement
with laboratory measurements. Therefore, it is acceptable to make some simplification in the model
application. However, as coating materials increase, the fractal structure of BC may be damaged.
Chakrabarty and Heinson [71] used a complex BC model by assuming that coating materials surround
BC to calculate BC optical properties; Ishimoto et al. [72] proposed an internally mixed BC model
based on the artificial surface tension; Luo et al. [48] have proposed BC models with different coating
materials. However, these models are complex and computationally expensive. So it is widely accepted
that the coating structures are spherical [37]. In this work, the heavily-coated BC can be commonly
modeled by a shape of a coating sphere covering the BC aggregates [32,43,73], and the partially-coated
BC was not considered in this work. In the study of Teng et al. [74], the thinly-coated BC is recognized
as a non-ideal minor structure, and an empirical relationship was proposed for optical cross-section,
while AAE and EAE were not calculated, and BrC coatings were not considered. In this work, BC is
assumed to be thinly-coated as a mass of BC to OC (BC/OC) is larger than 0.375, and is assumed to
heavily-coated when BC/OC is less than approximately 0.167, where BC/OC are calculated using;:

BC/OC = ppcfpc/ (poc(l — fac)) 3)

where ppc,poc and fpc represent BC mass density, OC mass density, and BC volume fraction (i.e,
defined as the ratio of BC volume to whole particle volume), respectively. In this work, ppc is assumed
tobe1.8 g/ m3 according to Bond and Bergstrom [64]. Turpin and Lim [75] found that OC mass density
was 1.2 g/m? for certain regions near Los Angeles, while a lower OC mass density (0.87 g/m?) was
observed at a background site. By summarizing the literature, Turpin and Lim [75] also found that
the measured OC mass density was generally within the range of 0.77 to 1.9 g/m?>. In this work,
we just used the typical value (1.2 g/m?) suggested by Turpin and Lim [75], and the uncertainties of
OC mass density need to be investigated in the future. We must clarify the thresholds are different
for thinly-coated BC and heavily-coated BC. For the thinly-coated BC, the structure was assumed to
be fractal aggregates, while for heavily coated BC, the overall structure was assumed to be spherical.
However, the BC within the transition between the thinly-coated BC and heavily-coated BC may
present more complex structures. So the thresholds were assumed to be different, and more complex
structures may be considered in future investigation.

In this work, the bare BC aggregates were generated using a tunable particle aggregation
algorithm developed by Wozniak [76]. After the generation of the aggregates, coating materials
were added according to previous studies [24,43,77,78]. The typical morphologies are shown in
Figure 1. The modeling performances of the thinly-coated and heavily-coated BC have been reported
in the study of [31], and the modeling results generally agree with the measurements, so here, we just
use the models.

(@) thinly-coated BC, D =22 (b) thinly-coated BC, Df=26 (c) heavily-coated BC, Df=26

Figure 1. BC models, ns = 300,ky = 1.2.
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2.3. Refractive Indices (RI) of BC and Coatings

Even though the BC refractive index can vary with wavelengths, it is often assumed to be
wavelength-independent from the visible to near-visible spectral bands [64,79]. Here we must clarify
that BC refractive index can be varied in a limited range [25]. However, compared with the effects of
morphology, the effects of the BC refractive index on the radiative properties are relatively small [70].
In addition, the effects of BC refractive index were discussed in other literature [25]. Our work mainly
attempts to demonstrate the effect of different coatings and mixing states, so the BC refractive index is
fixed to be a typical value of m = 1.95 4 0.79i.

The coatings are classified into two categories: non-absorbing coatings and BrC coatings. For both
non-absorbing coatings and BrC coatings, we assume the real part of the refractive index to be
a constant 1.5 [80]. The imaginary part of non-absorbing coating RI is fixed to be 0. However,
the imaginary part of BrC RI (kg,c) is rather wavelength-dependent in shorter visible and ultraviolet
wavelengths [79,81,82]. kp,c is varied in different studies. We assumed the kp,c of 0.158, 0.112, 0.0354,
0.001 for four typical wavelengths A = 350 nm, 440 nm, 532 nm, and 700 nm by interpolating the
reported value of Kirchstetter et al. [83], and we used the values measured by Chen and Bond [84] to
analyze the sensitivity of radiative properties to kg,c.

For the estimation of the impacts of composition ratios on the BC absorbing, mixed states are
assumed to be independent on BC size. Coatings thickness contributes to the size difference between
bare and coated BC. Even though real cases are more complex, to analyze the sensitivity of BC radiative
properties to the coating thickness, it is easier to discuss the results to make some simplifications.

2.4. Calculation Method

Although many numerical methods such as the multiple sphere T-matrix (MSTM) method [85,86],
the discrete dipole approximation (DDA) method [87-89], the finite-difference time-domain (FDTD)
method [90,91], and the generalized multi-particle Mie (GMM) method [92,93] can be used to calculate
the radiative properties of aggregates, we used the numerically exact multiple-sphere T-matrix (MSTM)
method [85,86] as it is more computationally efficient than other numerical methods [45]. In this work,
we used MSTM version 3.0 [94]. To guarantee the convergence of harmonic order, we have sampled
the calculation cases and compared our calculated results with those with a more accurate convergence
criterion for Mie expansions and T matrix. We found the deviations are within 0.1%. Using MSTM,
we first calculated the absorption efficiency (Q,ps) and scattering efficiency (Qext). Then, the absorption
cross-section (C,ps) and scattering cross-section (Csc,) can be obtained using:

Cabs = Qabs ”R%/ (4)

Csca = Qscan’R%/ 5)

where Ry denotes the equivalent volume radius of BC aerosols. In this work, randomly oriented
aerosols are assumed [95].

2.5. Calculations of Bulk Radiative Properties of BC

The bulk radiative properties of BC were calculated to reflect realistic BC. Given a size distribution
of equivalent volume radii (r):

n(r)_\/ZTTrln(ag) : ( ﬁln(ag) ) ©)
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where r; represents the geometric mean radius and og represents the geometric standard
deviation [96,97]. Bulk SSA, AAE, and EAE can be calculated using the following equations:

Tmax

< Coxt >= . Coxt(r)n(r)dr (7)
< Caps >= r:;ux Caps(r)n(r)dr (8)
SSA — < ngt<>c;t<>cabs > )
EAE — _ln(< Cextl/;(;lj/;)ch% >) 10)
AAE — _ln(< Cﬂbslz(;;;)cﬂb% >) -

where Cext/\] and Coyt 5, are the extinction cross-sections at the wavelengths of A1 and A,, respectively,
and Cgp, A and Cgps 1, are the corresponding absorption cross-sections.

We have calculated the optical properties of BC aggregates with monomer number from 1 to 1000.
When N; < 20, the number step size (ANs) was 1, AN; =5, AN, = 10, and AN; = 20 were assumed for
the cases of 20 < N; < 200, 200 < N5 < 600 and N; > 600, respectively. The r¢ and 0y in this work are
applied for bare BC, and the total volume of coated BC is the sum of coating materials and bare BC.

3. Results and Discussion

3.1. The Effect of Coating Ratio

Previous studies have shown that the particle size significantly affects the radiative properties
of BC [32,39]. Numerous measurements have demonstrated that the lognormal size distribution can
greatly fit the realistic BC size distributions [59,98]. Nevertheless, the geometric mean radius (r¢) and
standard deviation (¢g) can be varied in different combustion status and mixing states. According to
Li et al. [20], Liu et al. [25], Alexander et al. [82], the typical geometric mean radius of bare BC of
0.05-0.06 um was used, and the standard deviation is varied in a relatively narrow range.

To demonstrate the effects of composition ratios, the AAE, EAE, and SSA for different BC
composition ratios are shown in Figure 2. To reflect the real circumstance, the r, is varied from
0.05 to 0.06 um and o varies from 1.5 to 1.7. The minimum equivalent volume radius is 0.02 um and
the maximum radius is 0.2 um. The error bars reflect the upper and lower bounds of the calculations
using different BC size distributions. According to Adachi et al. [55], embedded BC has an average
of D F= 2.2. Therefore, the results of D = 2.2 are exhibited for thinly-coated BC. For comparison,
the results of Dy = 2.6 are shown in Figure 3. While for heavily-coated BC (BC/OC < 0.167),
Dy = 2.6 was assumed in this study. To reflect the average AAE and EAE across the visible spectrum,
wavelengths of 350 nm and 700 nm are selected.
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Figure 2. Radiative properties of BC with coatings, D = 2.2. When BC/OC > 0.375, BC is assumed
to be thinly-coated, while BC is assessed to be heavily-coated when BC/OC < 0.167. The green and
blue region represent heavily- and thinly-coated BC, respectively, and the gray region represents the
transition from thin-coated to heavily-coated. The error bars represent the upper and lower bounds of
sensitivity calculations using different size distributions.

Li et al. [20] reported that AAE of bare BC aggregates was generally within the range of
0.87-1.50, while a small AAE of approximately 0.6 was measured by Kirchstetter et al. [83].
The existence of coating materials may contribute to the observed small value. Our calculated AAE for
heavily-coated BC may provide proper explanations for the small AAE values observed in the study
of Kirchstetter et al. [83]. For BC heavily-coated with non-absorbing coatings, AAE slightly decreases
with increasing coating thickness, and AAE can decrease to approximately 0.6, and our calculated
AAE range of 0.6-1.2 for BC with non-absorbing coatings is generally consistent with the observed
range of Kirchstetter et al. [83], who obtained a BC AAE range of 0.6-1.3. However, the results for BC
with non-absorbing coating cannot explain the results of Schnaiter et al. [99], where AAE of 2.1 was
reported for spark discharge soot. This indicates the existence of BrC, and our modeling results for BC
with BrC coatings can explain that large value. Our calculated AAE values for BC with BrC coatings
are within approximately 0.8-2.1.

Zhang et al. [37] have shown that AAE of BC with brown coatings increases with coating
thickness increasing, while they did not consider the morphology transformation from thinly-coated
to thickly-coated. In their study, all BC aggregates were assumed with a spherical coating. However,
for thinly-coated BC, the assumption may be not always correct. Thinly-coated BC may still present
a near-fractal structure, and with coatings increases, the coating structure can become spherical [28].
Our results show even though AAE decreases with increasing BC/OC for both BC thinly- and
heavily-coated with BrC, the AAE can increase with BC/OC as BC transform from thinly-coated
to heavily coated, as the overall structures of BC may change. Besides, for BC heavily-coated with
non-absorbing OC, AAE of BC can decrease with coating materials increasing, which was not revealed
by the study of Zhang et al. [37]. Therefore, the addition of OC does not necessarily increase the
AAE of coated BC, which should provide new insights for the atmospheric studies, as it was widely
accepted that AAE increase with increasing OC ratio. Previous modeling studies have demonstrated
that we cannot determine the existence of brown carbon only when AAE > 1.4 by using an aggregate
model [37], and AAE > 1.6 by using the core—shell sphere model [49]. Our results show that AAE of BC
with non-absorbing coatings can reach approximately 1.2, which generally agrees with the previous
studies [37,49]. However, we must acknowledge that there are large uncertainties in BrC refractive
indices, BC refractive indices, particle sizes, BC morphologies, and the presence of externally BC to
determine the existence of BrC.
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Figure 3. Similar to Figure 2, but Dy = 2.6 for thinly-coated BC.

As shown in Figures 2 and 3, different coating materials can lead to large variations in the
spectral-dependent radiative properties. Generally, AAE of BC with BrC coatings is much larger than
those with non-absorbing coatings due to the significant wavelength dependences of BrC. The variation
of the size distribution also contributes to a larger variation of AAE value for BC with BrC coatings
compared to those with non-absorbing coatings. The variation between cases in AAE is approximately
9-13% for thinly-coated BC and 23-28% for heavily-coated BC with the r, varying in the range of
0.05-0.06 pm and oy in the range of 1.5-1.7. As BC becomes more compact, AAE turns smaller and is
more sensitive to the size distribution (also see Figure 3).

Li et al. [20] reported an EAE range of ~1.21-1.41 for bare BC. However, their results are unable to
explain the small EAE values observed in the atmosphere. For example, Cao et al. [100] reported that
the EAE of BC can reach a small value of approximately 0.2. The reason may be that Li et al. [20] did
not consider the effects of coatings. Considering the effects of coating materials, our calculated EAE
show a much wider range, which is generally within the range of approximately 0.2-2.0. The results
provide good explanations for the small EAE measured by Cao et al. [100]. The calculated EAE range of
heavily-coated BC is approximately 0.2-1.2, which is generally in agreement with the observed range of
0.2-1.35[100]. This implies that BC was heavily-coated in the study of Cao et al. [100]. This is consistent
with the BC volume fraction measurements. For example, BC volume fraction of 7-24% (BC/OC is
approximately 0.113-0.474) were reported by Adachi and Buseck [101]; Adachi et al. [55] reported an
average BC volume fraction of 7% (BC/OC is approximately 0.1125) in Mexico City, Mexico.

The coating ratio has a significant effect on BC EAE. The effects of BC/OC on EAE are
similar to the effects on AAE for thinly-coated BC. Fixing Dy to be 2.2, as BC varies from bare to
BC/OC = 0.375, an increase of 32% and 67% for EAE can be observed for BC with non-absorbing
coatings and BrC coatings, respectively. EAE of heavily-coated BC generally increases with BC/OC
ratio. The possible reason is that as BC/OC increases, coating materials decreases, and the overall
size of BC-containing particles decreases, which leads to larger EAE. However, for thinly-coated BC,
the opposite phenomenon is observed. This may be affected by the variation of the effective refractive
index with the increases of coating materials. Even though the overall size of BC-containing particles
will decrease with increasing BC/OC ratio, the effective refractive index can be also varied. Due to the
large volume fraction of BC, the variation of BC/OC ratio may lead to a large variation of the effective
refractive index, so may lead to a decrease of EAE. We must clarify that the modification of the BC/OC
ratio also changes the effective refractive index of heavily-coated BC. However, as heavily-coated
BC is dominated by OC, the modification of the BC/OC ratio has less of an effect on the effective
refractive index than it would with thinly-coated BC. In Figures 2 and 3, for AAE and EAE, there is a
sudden jump between thinly- and heavily-coated BC. However, this feature does not relate to realistic
conditions. In the atmosphere, BC morphologies can vary with atmospheric aging but this is not a
sudden jump. Here, we have just considered two extreme cases: thinly-coated and heavily-coated,
and the transition between the thinly-coated BC and heavily-coated BC was not considered.
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The SSA can provide important information for inferring different aerosol types, while the BC
SSA range has not been well defined by current studies. Bond and Bergstrom [64] suggested that bare
BC SSA is generally within the range of 0.2-0.3 at A = 550 nm, and our calculated SSA shows a similar
range at A = 532 nm. However, as BC can be commonly mixed with other chemical compositions,
these values are rarely used. As expected, thicker coating materials will lead to a much larger SSA.
However, compared to BC with non-absorbing coatings, SSA of BC with absorbing coatings show
much less sensitivity to BC/OC ratio. Based on the measurements in the laboratory, Pokhrel et al. [102]
demonstrated that SSA is significantly affected by the ratio of elemental carbon (EC) and organic
carbon (OC) (or BC/OC). In the study of Pokhrel et al. [102], at 532 nm, SSA was approximately 0.85
at BC/OC = 0.1, while it decreases to approximately 0.5 at BC/OC = 1. Our 532 nm SSA calculated
using BC with non-absorbing coatings decreases from approximately 0.8 to approximately 0.35-0.5
as BC/OC increases from approximately 0.1 to approximately 1, which generally agrees with the
measurements of Pokhrel et al. [102]. This implies the generated OC in the biomass burning process
is weakly absorbing in the visible spectrum. In addition, Pokhrel et al. [102] also found that SSA
values at 532 and 660 nm is fairly close to each other. This is also demonstrated by our results for the
heavily-coated BC with non-absorbing coatings, where the SSA is nearly wavelength-independent (see
Section 3.4). However, much smaller SSA values were measured at 405 nm, and this may be due to
the effects of BrC coatings. Statistically, in the absence of size information, it does not appear possible
to differentiate between thinly- and heavily-coated BC based on AAE or EAE alone. On the other
hand, SSA is much less sensitive to the size and for thin coatings, it is largely independent of coating
optical properties. Based on the SSA at 532 nm, thinly- and heavily-coated BC can be differentiated.
However, it is difficult to distinguish thinly- and heavily-coated BC based on SSA at 350 nm alone.
This is because that SSA of BrC may be close to that of BC at 350 nm, so when coated with BrC, SSA of
thinly- and heavily-coated BC can be overlapped.

3.2. BC Radiative Properties at Different Size Distributions

Li et al. [20] and Liu et al. [25] have demonstrated that size distributions significantly affect AAE
and EAE for uncoated BC and heavily-coated BC. In this work, we make a further investigation of
the thinly-coated BC with non-absorbing and BrC coatings. As shown in Figures 2 and 3, AAE, EAE,
and SSA of BC with different coating materials also show different sensitivities to the size distributions.
AAE and EAE of heavily-coated BC show a much larger dependence on the size distribution compared
to thinly-coated BC, while SSA show much larger dependence on the size distribution for thinly-coated
BC. With thickly coating materials, the overall structure can be collapsed to a spherical shape, and this
may account for why AAE and EAE of heavily-coated BC show much larger dependence on the size
distribution, as AAE and EAE of spherical BC are more sensitive to the size distribution [20,25]. SSA of
heavily-coated BC may be dominated by the coating materials, whose SSA is very large, and the SSA
of coatings materials are not significantly affected by the size distribution. This may be why the SSA of
heavily-coated BC shows less dependence on the size distribution. In addition, AAE of BC with BrC
coatings shows a larger dependence on the size distribution than those with non-absorbing coatings
due to the effects of the large BrC AAE.

Figure 4 further shows how AAE, EAE, and SSA of BC depend on the size distributions, where
a fixed g = 1.5 was assumed. Both EAE and AAE decrease with increasing r¢, which is consistent
with the results of Li et al. [20] and Liu et al. [25]. Even though the typical AAE of about 1 is accepted
for uncoated BC at a typical size distribution (see Figure 2), as r¢ increases to 0.1 um, AAE decreases
to approximately 0.7. Therefore, the size distribution is also an important factor that contributes to
the complex observed AAE of approximately 0.6-1.3 [83]. For thinly-coated BC, SSA increases with
r¢, which is mainly caused by the largely increased scattering with the increases of the particle size.
In addition, for bare and thinly-coated BC, AAE, EAE, and SSA, all are sensitive to the compactness
of particles. Generally, AAE and EAE decrease with increasing Dy, and the results agree with the
findings of Li et al. [20] and Liu et al. [25], while SSA increases as the particles become more compact.
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This is in line with the findings of Liu et al. [42], who found that stronger scattering interaction
and stronger electromagnetic coupling between spherules can be observed as particles become more
compact. In addition, it seems that AAE, EAE, and SSA are more sensitive to D ras particles become
larger. A possible explanation is that the modification of the shape of large aggregates can have more
significant effects on the surrounding electromagnetic field. The range of Dy leads to AAE and EAE
differences of less than 5% at r¢ = 0.03 um. However, as ¢ increases to 0.1 um, the AAE and EAE
differences between Dy = 1.8 and Dy = 2.6 can reach approximately 18% and 30%, respectively.
Moreover, there are similar dependencies on r, for different D and coating types.

Figure 5 demonstrates how the mixing sates affect the BC radiative properties. AAE of BC
heavily-coated with non-absorbing materials can be below approximately 0.5 when r¢ = 0.1. For both
thinly- and heavily-coated BC, AAE, and EAE decrease with increasing rg. This is generally in
agreement with the results of the core-shell sphere model [49]. However, for the AAE value, a sizable
difference should be observed between core-shell sphere model and the MSTM models [36]. Compared
with thinly-coated BC, AAE, and EAE are more sensitive to size distribution for heavily-coated BC.
SSA of thinly-coated BC generally increases with r¢, while for heavily-coated BC, SSA exhibits a little
decrease with increasing r;. However, our results indicate that the decrease should not exceed 10%.
This is rather different from the results of the core-shell sphere model, where SSA generally decreases
with the core diameter increasing [49].

Bare BC Non-absorbing coatings
2.2r 2.27 2.2p

BrC coatings

AAE (350 — 700 nm)

EAE (350 — 700 nm)

SSA (532 nm)

S T TR SR P T T SR T R T SR
0402 0.02 0.06 0.08 010 °F02 0.04 0.06 0.08 0.10 °#02 0.04 0.06 0.08 0.10
rg (Um) rg (um) rg (M)

Figure 4. Radiative properties of thinly-coated BC as the function of r¢ at different D (0 = 1.5,
BC/OC = 0.375 for coated BC).
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Figure 5. Radiative properties of BC as the function of r¢ at different mixing states, g = 1.5.

3.3. Parameterizing BC Radiative Properties with the Size Distribution

To promote the use of the non-spherical BC model in the retrieval of BC microphysical properties
based on the optical measurement, it is beneficial to develop more efficient parameterizations of the
BC radiative properties. Therefore, we try to fit the AAE, EAE, and SSA with an empirical expression.
Liu et al. [25] attempted to fit AAE with a logarithmic expression, whereas some poor agreements are
found. Luo et al. [103] applied a machine learning method for the estimation of BC radiative properties,
while the bulk radiative properties were not considered. Although Smith and Grainger [23] derived
empirical expressions for bulk Cey; and Cs, for uncoated BC, the SSA is difficult to be derived and
the applicability of coated BC is unexpected. Based on Smith and Grainger [23] and Liu et al. [25],
we found an empirical fit which is applicable for AAE, EAE, and SSA under different mixing states:

3
AOP = kyln(rg/0.06) + Y_ ki(ry/0.06)' (12)
i=0

where AOP (aerosol optical properties) represents AAE, EAE, or SSA. Figure 6 shows that fitted
AOQP is in great agreement with the calculated AOP using MSTM code for different mixing states.
The correlation coefficients (R?) between the numerical calculations and fittings are larger than 0.999,
and the normalized mean absolute errors (NMAE) are less than 10~1°. Figure 7 shows that Equation (12)
also has a good performance in fitting the absorption and extinction cross-sections. In this work,
the function was fitted at each BC/OC, and fittings in a two-dimensional (2D) space need to be
discussed in the future. Our fittings may be useful for retrieving the size information based on the
optical measurements. Instead of using a lookup table, a mathematic expression can help look for
an optimum solution for the inverse problem. The fitting parameters are shown in Tables A1-A5 in
Appendix A.
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Figure 6. Comparison of the fitted radiative properties and those calculated using MSTM, ¢, = 1.5,
where correlation coefficients (R2) > 0.999 and normalized mean absolute error (NMAE) < 1010,
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Figure 7. Similar to Figure 6, but for absorption and extinction cross-sections (350 nm), where the
correlation coefficients (R?) > 0.999 and the normalized mean absolute errors (NMAE) < 1010

3.4. The Spectral Dependence of BC Radiative Properties

Some measured AAE, EAE, and SSA values were used in different studies, while the
measurements were commonly conducted at different wavelengths. Figure 8 shows the wavelength
dependences of BC optical properties at a typical size distribution of r¢ = 0.06 um and g = 1.5.
In Figure 8, C,ps and C,y¢ are plotted on a logarithmic scale, and the slopes represent AAE and EAE,
respectively. C,s decreases with increasing wavelengths for all cases. However, the dependences of
AAE are various. For the thinly-coated BC, AAE seems to be wavelength-invariant. As shown in Table 2,
for BC thinly-coated with non-absorbing coatings, the difference between AAE for 350-700 nm and
AAE for 532-700 nm is approximately 1%. The difference for BC thinly-coated with BrC coatings may
be larger, while it is not larger than 15%. This is a little different from the results of Li et al. [20], where
EAE and AAE based on 350 nm and 550 nm are different from that based on 550 nm and 880 nm. This is
mainly due to the variant BC refractive indices with wavelengths in the study of Li et al. [20]. However,
AAE of heavily-coated BC increases with wavelengths. Specifically, the AAE of BC heavily-coated
with BrC coatings is much more significantly dependent on wavelengths than BC with non-absorbing
coatings. EAE has a similar dependence on wavelengths as AAE. The wavelength dependences of SSA
are significantly affected by mixing states and the coating type. For thinly-coated BC, SSA decreases
with increasing wavelengths, which is consistent with the results of Cheng et al. [43]. Compared
with BC with non-absorbing coatings, the wavelength dependences of SSA is relatively small for
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BC with BrC coatings. This phenomenon may be caused by the strong wavelength dependences
of BrC coatings. The BrC absorption decreases with the increase of wavelengths, so leads to the
increases of SSA with wavelengths, which weaken the decreases of SSA with increasing wavelengths.
While for heavily-coated BC, there is a different variation with wavelengths. For BC heavily-coated
with non-absorbing coatings, the SSA seems to be wavelength-independent due to the leading
role of non-absorbing coatings. Nevertheless, SSA increases with wavelengths for BC with BrC
coatings due to the large wavelength-dependences of BrC absorption. As AAE, EAE, and SSA all
present different wavelength dependences for different mixing states, the wavelength dependences of
radiative properties may be a potential tool to analyze the mixing states. Specifically, the wavelength
dependences of SSA can be used to infer the type of coatings when BC is heavily-coated. However,
for thinly-coated BC, there is a need to provide more information about how optical properties depend
on BC composition ratios for different coating types.
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Figure 8. The wavelength dependences of radiative properties of BC at different mixing states,
rg = 0.06 pm, g = 1.5.

One may wonder whether the wavelength dependences of AAE and EAE of BC, indicated by
non-linearities in Figure 8, are affected by the size distribution. AAE and EAE for different wavelength
pairs are investigated at different size distributions, and the results are shown in Figure 9 and Table 2.
For BC thinly-coated with non-absorbing materials, AAE and EAE at different wavelength pairs do
not deviate largely. AAE and EAE differences for different wavelength pairs are within 5% and 10%,
respectively. For BC thinly-coated with BrC, the AAE and EAE differences for different wavelength
pairs are relatively larger. However, they are not above 15%. While for heavily-coated BC, AAE
and EAE are obviously affected by wavelengths, and the effect increases with increasing . For all
wavelength pairs and mixing states, AAE decreases with increasing r¢. Overall, EAE shares similar
dependences on r; as AAE. Differently, for BC thinly-coated with non-absorbing coatings, a little
increase in EAE at A = 532-700 nm is observed. However, the increase does not exceed 3%.
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Figure 9. AAE and EAE of BC at different wavelength pairs for different mixing states and size
distributions, o = 1.5.BC/OC = 0.1 for thinly-coated BC and BC/OC = 0.096 for heavily-coated BC.

Table 2. Spectral-dependent characteristics of the modeled BC under different mixing states,
rg = 0.06 pm, g = 1.5.

Cases BC/OC AAE (350-700 nm) AAE (532-700 nm) EAE (350-700 nm) EAE (532-700 nm)

Case A 1 1.061 1.068 1.478 1.459
Case B 1 1.404 1.306 1.677 1.625
CaseC  0.0957 70072 0.931 70001 1.049
CaseD  0.0957 1.762 2.276 0.526 0.992

3.5. The Effects of the Refractive Index of BrC Coating

As AAE and EAE are significantly affected by the refractive index of BrC, the sensitivities
of AAE and EAE to the RI of BrC are investigated. To demonstrate the sensitivity of AAE and
EAE to kp,c, two BrC coating materials are selected, while many measurements based on different
methods performed on different fuel and in different combustion conditions showed different refractive
indices [104-107], their values fall within the range of those of Kirchstetter et al. [83] and Chen and
Bond [84], which is shown in Table 3. Similar to Lin et al. [108], kp,c reported by Kirchstetter et al. [83]
(BrC A) and Chen and Bond [84] (BrC B) were used to represent the upper and low limits of BrC
absorption. Figure 10 shows that AAE and EAE are significantly affected by the imaginary part of BrC
RI. AAE of BC with the coatings of BrC A is much larger than that of BC with BrC B coatings. This is
because that kp,c of BrC A has a larger spectral-dependence than BrC B. However, different effects
of kp,c are observed for BC EAE. For thinly-coated BC, the EAE of BC with BrC A coatings is much
larger than that of BC with BrC B coatings, while the EAE of heavily-coated BC seems not significantly
sensitive to kp,c. This can be understood from two aspects. For thinly-coated BC, BC extinction
is dominated by the absorption due to small SSA. As the modification of kp,c mainly affects the
absorption of BC-containing particles, it is easily understood that EAE of BC with BrC A coatings
is much larger than that of BC with BrC B coatings. However, the extinction of heavily-coated BC
is dominated by scattering, and the modification of kp,c does not significantly affect the scattering
cross-sections, so EAE of heavily-coated BC is less sensitive to kp,c.

The sensitivities of AAE and EAE to the real part of BrC RI (Re(m)) are shown in Figure 11, AAE
of BC-containing aerosols is significantly enhanced by decreasing the real part of BrC RI. Even though
the absorptions of spheres are mainly affected by the imaginary part of RI, the real part of RI can
modify the scattering pattern, and lead to a different distribution of the multiple scattering field,
so contribute to the variation of absorption. As pointed by Liu et al. [25], BC absorption can increase
as the real part of RI decreases or the imaginary part increases. With the real part of BrC increasing,
the absorption of BrC coating in the ultraviolet band can decrease, so lead to less absorption wavelength
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dependence. EAE is also significantly affected by the real part of BrC, and opposite trends are found
for thinly and heavily-coated BC. EAE of thinly-coated BC increases with the real part of BrC, while the
opposite phenomenon is observed for heavily-coated BC. The possible reason is the effects of different
BC morphologies and different BrC contents. For thinly-coated BC, even though the absorption
spectral-dependence decreases with increasing the real part of BrC R, the increases are relatively small,
and the modification of scattering spectral dependence should be the main cause of the increases of
EAE when increasing the real part of BrC RI. For heavily-coated BC, the modification of absorption
spectral-dependence should dominate the decreases of EAE by increasing the real part of BrC RIL

Table 3. Imaginary parts of the refractive index of BrC.

Wavelength (nm) 350 400 450 500 550 600 650 700

BrC A 0.168 0.112 0.063 0.045 0.030 0.017 0.005 0.001
BrCB 0.0738 0.025 0.0066 0.0024 0.0010 0.0004 0.0002 0.0001
1.6 — BrCA 2.5
1.5 BrC B ’
W 1.4+ 2.0
< 1.34
1.5
1.2
1.1 1.0
1.8 20
17 154
- 1.0
16 0.5
1.5 0.0 -
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Figure 10. The sensitivity of AAE (350, 700 nm) and EAE to the imaginary part of BrC coatings RI,
BrC A and BrC B represent the measured values by Kirchstetter et al. [83] and Chen and Bond [84].
The figures in the left column represent AAE and EAE of thinly-coated BC, and the right column
represent AAE and EAE of heavily-coated BC. BC/OC = 0.1 for thinly-coated BC and BC/OC = 0.096
for heavily-coated BC.
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Figure 11. Similar to Figure 10, but for the sensitivity of the real part of BrC coatings RI (Re(m)).
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4. Conclusions and Future Work

In this work, bulk AAE, EAE, and SSA are numerically studied using typical size distributions.
Our results show that AAE and EAE of coated BC closely match the observed range in the atmosphere.
While Li et al. [20] reported that AAE of bare BC aggregates was generally within the range of 0.87-1.50,
a small AAE of approximately 0.6 was measured by Kirchstetter et al. [83]. Our calculated AAE using
BC models with non-absorbing coating materials can provide an explanation for the small AAE.
The large measured AAE of approximately 2.1 by Schnaiter et al. [99] may imply the existence of BrC,
as modeling results by us and previous studies [37,49] all show AAE of BC with non-absorbing coating
materials does not exceed 1.6. The BC EAE range of 0.2-1.35 observed by Cao et al. [100] also implies
the occurrence of coatings materials, as EAE of bare aggregates is not less than 1.21 [20]. Considering
the effects of coating materials, our calculated EAE is generally within the range of 0.2-2.1, which can
provide explanations for the observed small EAE.

With the BrC ratio increases, AAE of BC-containing particles does not necessarily increase, as the
morphology transformation will lead to a decrease of AAE as BC transform from thinly-coated to
heavily-coated. In addition, for BC with non-absorbing OC, AAE can decrease with OC thickness
increasing. Additionally, the increase in coating materials does not necessarily decrease EAE.
For heavily-coated BC, the addition of coating materials does decrease the BC EAE, while the EAE
of thinly-coated BC increases with increasing coating materials. We found that it is not possible
to differentiate between thinly- and heavily-coated BC based on EAE or AAE alone. On the other
hand, SSA is much less sensitive to the size and provides much more information for distinguishing
heavily-coated BC from thinly-coated BC.

For BC with different coating materials and mixing states, AAE, EAE, and SSA show rather
different sensitivities to particle size and composition ratios, and their spectral dependences also
exhibit distinct differences. Different AAE and EAE trends with BC/OC ratio were also found for BC
with different coating materials and mixing states. Furthermore, an empirical fitting for AAE, EAE,
SSA, Cext, and Cpp, is also found, which may be useful for retrieving the size information based on the
optical measurements.

Although our calculations are extensive and representative, they are by no means exhaustive.
For example, a fixed BC refractive index was assumed in this work, while it may show a little
wavelength-dependent in the atmosphere. In our calculations, we just used some typical BrC refractive
indices. However, the reported BrC refractive indices are in a rather wide range in different studies.
Furthermore, two typical morphologies were used to represent the thinly-coated and heavily-coated
BC. However, the morphologies in the atmosphere are more complex. Therefore, the optical properties
of more morphological realistic models need to be investigated in the future. We also acknowledge
that the presence of OC or BrC externally mixed with BC is often a confounding factor in analyzing
atmospheric observations.
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Appendix A

Table A1l. Fitting parameters of BC aerosols for AAE (350-700 nm).

Cases ko k1 ko k3 kg
Bare 1537 —-0917 0413 —0.073 0.124
BC/OC = 6.0 (Thin, non-absorbing) 1512 —-0.846 0379 —0.067  0.120
BC/OC = 2.25 (Thin, non-absorbing) 1514 —-0.745 0317 —0.056 0.115
BC/OC = 1.0 (Thin, non-absorbing) 1.575 —0.809 0.364 —0.064 0.131
BC/OC =0.375 (Thin, non-absorbing) 1424 —0.415 0.200 —0.037  0.016
BC/OC = 6.0 (Thin, BrC) 1537 —0.833 0.380 —007 0.093
BC/OC =2.25 (Thin, BrC) 1782 —0.980 0.448 —0.080 0.133
BC/OC = 1.0 (Thin, BrC) 1961 —0.873 0380 —0.064  0.102
BC/OC = 0.375 (Thin, BrC) 2337 —0.728 0.345 —0.0617  0.009
BC/OC =0.167 (Heavy, non-absorbing) 4.581 —5.867 2.665 —0.486 1.274
BC/0OC =0.122 (Heavy, non-absorbing) 2970 —-3.719 1944 —0.383 0.331
BC/OC = 0.096 (Heavy, non-absorbing) 2907 —3.684 1927 —0.379 0.339
BC/OC = 0.079 (Heavy, non-absorbing) 2277 —2.848 1.650 —0.339 —0.049
BC/OC =0.167 (Heavy, BrC) 4864 —5702 2830 —0.538 0.492
BC/OC =0.122 (Heavy, BrC) 4500 —4.915 2525 —0487  0.150
BC/OC = 0.096 (Heavy, BrC) 3.843 -—3.672 1981 —0.38 —0.280
BC/OC =0.079 (Heavy, BrC) 4105 -—3911 2129 —0418 —0.257
Table A2. Fitting parameters of BC aerosols for EAE (350-700 nm).
Cases ko k1 kz k3 k4
Bare 2154 -1.275 0478 —0.077  0.420
BC/OC = 6.0 (Thin, non-absorbing) 2164 —1.225 0450 —0.071  0.427
BC/OC = 2.25 (Thin, non-absorbing) 2236 —1.195 0415 -—-0.064 0439
BC/0OC = 1.0 (Thin, non-absorbing) 2463 —1.428 0.535 —0.085  0.505
BC/OC =0.375 (Thin, non-absorbing) ~ 2.700 —1.431 0526 —0.084 0472
BC/OC = 6.0 (Thin, BrC) 2150 —1.191 0.447 —-0.072  0.379
BC/OC =2.25 (Thin, BrC) 2438 —1.434 0564 —0.093 0.422
BC/OC = 1.0 (Thin, BrC) 2.698 —1511 0.581 —0.091  0.404
BC/OC = 0.375 (Thin, BrC) 3.085 —1.662 0712 —0.121 0.247
BC/OC = 0.167 (Heavy, non-absorbing) 4.656 —6.096 2.771 —0.490  0.564
BC/OC =0.122 (Heavy, non-absorbing) 3.560 —4.600 2.199 —0.392 —0.088
BC/OC =0.096 (Heavy, non-absorbing) 3.430 —4.517 2176 —0.388 —0.158
BC/OC =0.079 (Heavy, non-absorbing) 2.615 —3.403 1732 —-0.308 —0.644
BC/0OC =0.167 (Heavy, BrC) 3175 —4.520 2568 —0.501 —0.744
BC/OC =0.122 (Heavy, BrC) 2162 —3.241 2130 —0.433 —1.348
BC/OC = 0.096 (Heavy, BrC) 1445 —2.345 1806 —0.380 —1.738
BC/0OC = 0.079 (Heavy, BrC) 1.029 —-1904 1.685 —0.364 —1.967
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Table A3. Fitting parameters of BC aerosols for SSA (532 nm).

Cases ko k1 kz k3 k4
Bare —0.004 0420 —-0.224 0.043 0.045
BC/OC = 6.0 (Thin, non-absorbing) 0.022 0.406  —0.223  0.043 0.058
BC/OC = 2.25 (Thin, non-absorbing) 0.076 0.367 —0.211  0.041 0.082
BC/OC = 1.0 (Thin, non-absorbing) 0.189 0.288 —0.188  0.038 0.132
BC/OC = 0.375 (Thin, non-absorbing) 0553 —0.017 —0.085 0.023 0.282
BC/OC = 6.0 (Thin, BrC) 0.023 0.399 —0.218  0.042 0.057
BC/OC =2.25 (Thin, BrC) 0.071 0.364  —0.207  0.040 0.078
BC/OC = 1.0 (Thin, BrC) 0.165 0300 —0.190 0.038 0.119
BC/OC = 0.375 (Thin, BrC) 0.450 0.065 —0.112  0.026 0.236
BC/OC =0.167 (Heavy, non-absorbing) ~ 1.607  —1.233 0405 —0.063 0.640
BC/OC =0.122 (Heavy, non-absorbing) ~ 1.526 = —1.046  0.340  —0.052  0.533
BC/OC = 0.096 (Heavy, non-absorbing)  0.760 0.159 —0.149 0.036 0.0328
BC/OC =0.079 (Heavy, non-absorbing)  1.373  —-0.737 0232 —0.035 0.373
BC/0OC =0.167 (Heavy, BrC) 1474 —1.111 0331 —0.047 0.632
BC/OC =0.122 (Heavy, BrC) 1455 —1.031 0.303 —0.042 0.573
BC/OC = 0.096 (Heavy, BrC) 1426  —0953 0274 —0.037 0.521
BC/0OC = 0.079 (Heavy, BrC) 1398 —0.884 0.248 —0.032 0.479

Table A4. Fitting parameters of BC aerosols for C,, (350 nm).
Cases ko k1 k2 k3 ks

Bare 0.164 —0.327 0.247 —0.054 0.074

BC/OC = 6.0 (Thin, non-absorbing) 0.178 —0.354 0.265 —0.0581 0.081

BC/OC = 2.25 (Thin, non-absorbing) 0200 —0.391 0.292 —0.064 0.089

BC/OC = 1.0 (Thin, non-absorbing) 0221 —0437 0.322 —0.070 0.101

BC/OC =0.375 (Thin, non-absorbing) 0274 —0.539 0.393 —0.085 0.125

BC/OC = 6.0 (Thin, BrC) 0.183 —0.363 0.273 —0.060 0.083

BC/OC = 2.25 (Thin, BrC) 0.212 —0.420 0.314 —0.069 0.096

BC/OC = 1.0 (Thin, BrC) 0261 —0.520 0.390 —0.085 0.118

BC/OC = 0.375 (Thin, BrC) 0.409 —0.810 0.605 —0.132 0.186

BC/OC =0.167 (Heavy, non-absorbing) 0.201 —0.438 0.382  —0.089  0.090

BC/OC =0.122 (Heavy, non-absorbing)  0.224 —0.471 0.403 —0.093 0.099

BC/OC =0.096 (Heavy, non-absorbing) 0.229 —0.479 0.408 —0.094 0.102

BC/OC =0.079 (Heavy, non-absorbing) 0.233 —0.484 0.410 —0.094 0.104

BC/OC =0.167 (Heavy, BrC) 0.141 —-0.331 0.378 —0.096 0.059

BC/OC =0.122 (Heavy, BrC) 0.187 —0.436 0.509 —0.131 0.079

BC/OC = 0.096 (Heavy, BrC) 0.166 —0.388 0.447 —0.114 0.070

BC/OC = 0.079 (Heavy, BrC) 0.206 —0478 0564 —0.145 0.087
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Table A5. Fitting parameters of BC aerosols for Cey; (350 nm).

Cases ko k1 ko ks kg

Bare 0.317 —0.623 0445 —0.095 0.145

BC/OC = 6.0 (Thin, non-absorbing) 0.354 —0.693 0491 -0.104 0.162
BC/OC = 2.25 (Thin, non-absorbing) 0.408 —0.800 0.566 —0.121 0.186
BC/OC = 1.0 (Thin, non-absorbing) 0.514 —1.000 0.697 —0.146 0.236
BC/OC = 0.375 (Thin, non-absorbing) 0.854 —1.658 1.147 —0.241 0.392

BC/OC = 6.0 (Thin, BrC) 035  —0.698 0497 —0.106 0.162
BC/OC =2.25 (Thin, BrC) 0417  —-0.816 0.580 —0.123 0.19
BC/OC = 1.0 (Thin, BrC) 0.531 —1.041 0.744 —0.158 0.242
BC/OC = 0.375 (Thin, BrC) 0.901 —1.765 1.259 —0.268 0.411

BC/OC = 0.167 (Heavy, non-absorbing) —0.092 —0.124 0.597 —0.180 —0.081
BC/OC =0.122 (Heavy, non-absorbing) —0.230  0.069  0.613 —0.198 —0.152
BC/OC = 0.096 (Heavy, non-absorbing) —0.405 0.338  0.575 —0.203 —0.239
BC/OC = 0.079 (Heavy, non-absorbing) = —0.092 —0.124 0.597 —0.180 —0.081

BC/0OC =0.167 (Heavy, BrC) 0.062 —0.296 0583 —0.162  0.0096
BC/0OC =0.122 (Heavy, BrC) 0.057 —0.309 0.670 —0.189  0.0066
BC/OC =0.096 (Heavy, BrC) 0.048 —0.310 0.742 —-0.211  0.0027
BC/0OC = 0.079 (Heavy, BrC) 0.037 —0.298 0798 —0.229 —0.0017
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