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a b s t r a c t

We perform a comprehensive intercomparison of the geometric-optics surface-wave
(GOS) approach, the superposition T-matrix method, and laboratory measurements for
optical properties of fresh and coated/aged black carbon (BC) particles with complex
structures. GOS and T-matrix calculations capture the measured optical (i.e., extinction,
absorption, and scattering) cross sections of fresh BC aggregates, with 5–20% differences
depending on particle size. We find that the T-matrix results tend to be lower than the
measurements, due to uncertainty in theoretical approximations of realistic BC structures,
particle property measurements, and numerical computations in the method. On the
contrary, the GOS results are higher than the measurements (hence the T-matrix results)
for BC radii o100 nm, because of computational uncertainty for small particles, while the
discrepancy substantially reduces to 10% for radii 4100 nm. We find good agreement
(differences o5%) between the two methods in asymmetry factors for various BC sizes
and aggregating structures. For aged BC particles coated with sulfuric acid, GOS and T-
matrix results closely match laboratory measurements of optical cross sections. Sensitivity
calculations show that differences between the two methods in optical cross sections vary
with coating structures for radii o100 nm, while differences decrease to �10% for radii
4100 nm. We find small deviations (r10%) in asymmetry factors computed from the
two methods for most BC coating structures and sizes, but several complex structures
have 10–30% differences. This study provides the foundation for downstream application
of the GOS approach in radiative transfer and climate studies.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Black carbon (BC) is the most important light-absorbing
aerosol in the current atmosphere because of its strong
.

positive climate forcing from direct radiative and snow
albedo effects [25,5]. Both effects are significantly affected
by BC optical properties during atmospheric aging [5,9],
which transforms BC from freshly emitted hydrophobic
aggregates to hydrophilic particles coated with soluble
materials [11,27,36]. Observations have shown that BC
particles experience considerable variations in optical
properties via aging, due to complex changes in particle
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morphology [1,2,6]. Thus, a reliable estimate of BC climatic
effects requires accurate computations of optical proper-
ties for BC particles with complex structures during aging.

A number of theoretical approaches have been devel-
oped and are widely used to compute particle single-
scattering properties, including the Lorenz-Mie (LM)
method for homogeneous spheres or concentric core–shell
structures [30], the Finite Difference Time Domain (FDTD)
method for nonspherical particles [34], the Rayleigh–
Debye–Gans (RDG) approximation for homogeneous frac-
tal aggregates [7], the Discrete Dipole Approximation
(DDA) [8] and the superposition T-matrix method [21] for
inhomogeneous and irregular shapes. Particularly, the
superposition T-matrix method has increasing popularity
due to its ability to deal with various aggregating struc-
tures with high accuracy [20]. For example, Liu and Mis-
hchenko [18] and Liu et al. [19] used the superposition T-
matrix method to compute radiative properties of BC
aggregates with different compactness and sizes. Kahnert
and Devasthale [12] quantified the morphological effects
of fresh BC aggregates on optical properties based on the
T-matrix calculation. Mishchenko et al. [23] applied the T-
matrix method to study optical properties of BC-cloud
mixtures.

Recently, Liou et al. [14,15] developed a geometric-
optics surface-wave (GOS) approach to compute particle
light absorption and scattering by explicitly resolving
complex particle structures. They found that optical cross
sections, single scattering albedos, and asymmetry factors
of particles calculated from the GOS method are consistent
(differences o20%) with those derived from the LM
method for concentric core–shell particles [14], the DDA
and FDTD methods for plate and column ice crystals [15],
and the superposition T-matrix method for fresh BC
aggregates [29]. Compared with the aforementioned
methods, the GOS approach can be applied to a wider
range of particle sizes and mixing structures with high
computational efficiency. Liou et al. [16] and He et al. [9]
applied the GOS approach to deal with multiple internal
mixing of BC with nonspherical snow grains (up to
1000 mm), where the T-matrix and DDA methods currently
Fig. 1. (a) A graphical demonstration of the geometric-optics surface-wave (GOS
reflection, refraction, diffraction, and surface-wave components. (b) Typical stru
atmospheric observations (modified from [10] and [15]).
are unsuitable. However, comprehensive evaluation and
validation of the GOS approach for small and complex
coated BC particles have not been performed.

He et al. [10] compared optical cross sections of BC
aggregates from GOS calculations and laboratory mea-
surements, and found that GOS results generally captured
the measurements. In this study, as an extension of their
work, we perform a comprehensive intercomparison of
the GOS approach, the superposition T-matrix method,
and laboratory measurements for optical properties of
fresh and coated BC particles with complex structures
during aging. We describe the theoretical calculations and
laboratory experiments in Section 2. We compare and
discuss the GOS, T-matrix, and experimental results in
Section 3. Finally, we present conclusions in Section 4.
2. Methods

2.1. Geometric-optics surface-wave (GOS) approach

The GOS approach [10,15,16,9], accounting for geo-
metric reflection and refraction, diffraction, and surface
wave components (Fig. 1a), is designed only to compute
particle optical cross sections and asymmetry factors for
application to radiative transfer and climate modeling. It
does not compute the full Mueller matrix. The GOS
approach computes particle optical properties by explicitly
simulating various aggregating and coating structures. The
irregular particle shapes are constructed by a stochastic
procedure [15] in a 3-D coordinate system. Once the shape
and composition of a particle are defined from the sto-
chastic process, the geometric reflection and refraction are
carried out using hit-and-miss Monte Carlo photon tra-
cing. Following a ray-by-ray integration approach [35], the
extinction and absorption cross sections for a single par-
ticle are computed by

Cext ¼
2π

k2
Re S11 ê0

� �þS22 ê0
� �� �

; ð1Þ
) method for light scattering and absorption by BC aggregates, including
ctures of fresh and coated BC particles used in this study to approximate
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where Cext and Cabs are the extinction and absorption cross
sections, respectively. In Eq. (1), k is the wavenumber, Re
denotes the real part, S11 and S22 are two diagonal ele-
ments of the scattering amplitude matrix in the forward
direction, and ê0 denotes the incident direction. In Eq. (2),
the subscript index p (¼1, 2,…) indicates the internal
localized ray, γ represents all incident rays impinging onto
the sphere, mi,j(or p) represents the imaginary part of the
refractive index for an inhomogeneous sphere, dj(or p) is a
vector distance between two points, and t2j r

p�1
j ðj¼ 1;2Þ

indicates the cumulative product of Fresnel coefficients.
Subsequently, an effective geometric cross section (i.e.,

photon-number weighted shadow area on a plane perpen-
dicular to the incident light) is used to compute the extinc-
tion and absorption efficiency for a group of randomly
oriented aggregates [15]. Diffraction by randomly oriented
particles with irregular shape is computed using the Babinet's
principle and the effective geometric cross section [15]. Based
on the geometric-optics components (reflection, refraction,
and diffraction; hereinafter GO), we define a radiation pres-
sure efficiency for nonspherical particles [15] as

Qpr GOð Þ ¼Qext GOð Þ�g GOð Þ Qext GOð Þ�Qabs GOð Þ½ � ð3Þ
where Qpr, Qext, and Qabs, respectively, are the efficiency fac-
tors for radiation pressure (pr), extinction (ext), and absorp-
tion (abs), and g(GO) is the geometric-optics asymmetry
factor.

The surface-wave component of GOS accounts for the
interaction of incident waves at grazing angles near the
particle edge and propagating along the particle surface
into shadow regions. Following the complex-angular-
momentum (CAM) formulation developed by Nussenzveig
and Wiscombe [24], Liou et al. [14] showed that a linear
combination of the geometric optics component (i.e., GO)
and the surface-wave adjustment (hereinafter GOS) leads to
a solution that matches the exact LM theory so that

Qw GOSð Þ ¼Qw GOð Þþ fΔQw �Qw LMð Þ; w¼ ext; abs; pr;

ð4Þ
where ΔQw is the surface-wave adjustment and f is a cor-
rection factor for nonsphericity of scattering particles [15],
given by

f ¼ c rv=ra
� �3

; ð5Þ
where rv and ra are, respectively, volume and area equiva-
lent radii of aggregates, and c (r1) is an adjustment factor
for aggregation. Thus, f¼1 for spheres (rv¼ra) and fE0 for
elongated particles (rv{ra). For large particles (size
parameters 4�50), the geometric optics component
dominates.

Based on Eqs. (3) and (4), the GOS asymmetry factor g
(GOS) is computed by

g GOSð Þ ¼ 1�Qpr GOSð Þ=Qext GOSð Þ� �
=ω GOSð Þ ð6Þ

where ω is the single scattering albedo. Because the CAM
theory for surface-wave formulation cannot be applied to
the g(GOS) calculation for small inhomogeneous particles
[24], we use the improved geometric-optics method [34]
and the ray-by-ray integration method [35] to compute g
(GOS) for inhomogeneously coated BC aggregates in this
study. Considering the relatively large uncertainty in the
Monte Carlo photon tracing for small particles, we further
couple GOS with the RGD approximation to improve the
computational accuracy of g(GOS) for fresh BC aggregates
with size parameter o1, which has shown consistent
results with the T-matrix calculation [29]. A comprehen-
sive description of the GOS approach and its application is
provided in [17].

2.2. Superposition T-matrix method

The superposition T-matrix method [21,22] has
recently been extended to calculate the scattering prop-
erties of multiple sphere domains with the removal of
external configuration constraints [20]. It solves Maxwell's
equations for fractal aggregates, where the scattering and
extinction cross sections are given by

Csca ¼
π

k2
XL
n ¼ 1

Xn
m ¼ �n

X2
p ¼ 1

a0mnp

���
���2; ð7Þ

Cext ¼
π

k2
XL
n ¼ 1

Xn
m ¼ �n

X2
p ¼ 1

a0mnpf
0�
mnp; ð8Þ

where f 0mnp and a0mnp, respectively, are incident and scat-
tered field coefficients expressed in

Einc rð Þ ¼
XL
n ¼ 1

Xn
m ¼ �n

X2
p ¼ 1

f 0mnpN
1ð Þ
mnp krð Þ; ð9Þ

Esca rð Þ ¼
XL0
n ¼ 1

Xn
m ¼ �n

X2
p ¼ 1

a0mnpN
3ð Þ
mnp krð Þ: ð10Þ

where N 1ð Þ
mnp and N 3ð Þ

mnp are vector spherical wave functions
(VSWFs) with degree m, order n, and mode p. Einc rð Þ and
Esca rð Þ are incident and scattered fields, respectively. The
asymmetry factor (g) defined as

g¼ 1
2

Z π

0
P θ
� �

sinθ cosθdθ ð11Þ

is computed after the scattering matrix is numerically
solved by the T-matrix method [18]. P θ

� �
in Eq. (11) is the

phase function (i.e., the first element of the scattering
matrix). More details about the superposition T-matrix
theory and formulation are provided in [20]. In this study,
we use the Multi-Sphere T-Matrix (MSTM) version 3 pro-
gram developed by Mackowski [20] (available at www.
eng.auburn.edu/users/dmckwski/scatcodes).

2.3. Laboratory experiments

He et al. [10] compared GOS calculations with laboratory
experiments for various aggregating structures of BC par-
ticles during aging. Extending their work, we apply both the
GOS and superposition T-matrix methods to their experi-
mental cases, where the experimental results are used as a
reference for comparison of the two methods. The labora-
tory experiments measure optical cross sections at 532 nm
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Fig. 2. Extinction cross sections (at 532 nm) of fresh BC aggregates computed from the GOS (blue) and superposition T-matrix (red) methods and measured
from laboratory experiments (green). One standard case (a) and three sensitivity cases (b–d) are shownwith different fractal dimensions (Df), BC refractive
index (m), and radius of primary spherule (rps). Note that the measured values shown as a reference are the same in all four panels. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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wavelength for freshly emitted BC aggregates and aged BC
particles coated with sulfuric acid through condensation of
sulfuric acid vapor. Uncertainty in the measurement of
optical cross sections is primarily from particle size, relative
humidity, number density, and instrument calibration. The
experiments also measure the density, mass, size, and
fractal dimension of BC aggregates and coating materials,
which are used as input for theoretical calculations by the
GOS and T-matrix methods (see Section 2.4). Details about
laboratory experiments are provided in [10]. We investigate
three experimental cases, where the volume-equivalent
radii are 41, 56, and 65 nm for fresh BC aggregates, and
49, 69, and 80 nm for coated BC particles with coating
thicknesses of 8, 13, and 15 nm, respectively.

2.4. Theoretical computations

We apply the GOS and superposition T-matrix methods
to compute optical cross sections and asymmetry factors
of fresh and coated/aged BC particles at 532 nm wave-
length for comparison with experimental measurements
(see Section 2.3). For fresh BC aggregates (Fig. 1b), the
standard computation case includes BC volume-equivalent
radii of 41, 56, 65, and 137 nm, where the first three values
are in line with the experiments and the last one repre-
sents a mean observed value near combustion sources in
the atmosphere [4]. In the standard calculation, we use the
measured primary spherule radius (rps) of 7.5 nm and
fractal dimension (Df) of 2.1 for BC aggregates. We use
1.95�0.79i for BC refractive index as recommended by
Bond and Bergstrom [3]. To investigate morphological
effects, we increase the fractal dimension to 2.5 and the
primary spherule radius to 10 nm, respectively, in two
sensitivity calculations. We use 1.75�0.63i as the lower
bound of BC refractive index [3] in a third sensitivity cal-
culation to investigate the effect of refractive index.

For coated BC particles after aging, the pure BC com-
ponent has the same volume-equivalent radii (i.e., 41, 56,
65, and 137 nm) as the fresh BC aggregates, while the
coating thicknesses (sulfuric acid) are 8, 13, 15, and 27 nm,
respectively, in the concentric core–shell structure shown
in Fig. 1b. The first three coating thicknesses are derived



Fig. 3. Same as Fig. 2, but for absorption cross sections.
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from the experimental measurements [10], while the last
one is set to have the same core–shell ratio as the
experimental case. The amounts of BC and coating mate-
rial in each case are fixed for all the particle structures
considered in this study. We use 1.95�0.79i and 1.52�0i
for the refractive indices of pure BC and sulfuric acid
(coating), respectively. We conduct computations for six
typical coated BC structures (Fig. 1b), including concentric
core–shell, off-center core–shell, open-cell, closed-cell,
partially encapsulated, and externally attached structures
based on atmospheric observations [10,6]. We note that
these structures are a simplification of coated BC particles
in the real atmosphere and hence may not capture all
observed particle features. More realistic structures such
as nonspherical coating shells will be investigated in
future work. The BC particle structures are constructed by
the stochastic procedure developed by Liou et al. [15] with
a single realization for each structure, which may intro-
duce some uncertainty. We apply the GOS and T-matrix
methods to the same realization of each structure. Detailed
descriptions of particle construction are provided in [10].
3. Results and discussions

3.1. Fresh BC aggregates

Figs. 2 and 3 show the extinction and absorption cross
sections of fresh BC aggregates computed from the GOS
and superposition T-matrix methods and measured from
laboratory experiments. The scattering cross sections (not
shown) are the differences between extinction and
absorption cross sections. The standard GOS and T-matrix
calculations capture the measured BC optical cross sec-
tions, with differences of 5–20% depending on BC size
(Figs. 2a and 3a). However, the GOS results tend to be
higher than the measurements, while the T-matrix results
tend to be lower. The differences between the T-matrix
and experimental results are likely caused by uncertainty
associated with theoretical approximation of the complex
BC structures produced by the experiments and the
application of a single realization for each aggregate
[28,31–33]. Using different realizations of each structure,
we found only small (o5%) variations in optical cross
sections and asymmetry factors. In addition, measurement



Fig. 4. Same as Fig. 2, but for asymmetry factors. Note that asymmetry factors are not measured in laboratory experiments.
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uncertainties in particle fractal dimension and primary
spherule radius could lead to the theory–measurement
discrepancy. We found that increasing the fractal dimen-
sion or primary spherule radius reduces the difference
between the T-matrix and experimental results in BC
optical cross sections (Figs. 2c–d and 3c–d). The uncer-
tainty involved in BC refractive index, measured optical
cross sections, and numerical computations may also
contribute to the discrepancy between the T-matrix results
and measurements.

BC extinction, absorption, and scattering cross sections
computed from the GOS approach are consistently higher
than the T-matrix method for BC size (i.e., volume-
equivalent radius) less than 100 nm (Figs. 2 and 3). This
is because of uncertainty in the Monte Carlo photon tra-
cing and the ray-by-ray integration for small particles.
Increasing the BC radius to 137 nm reduces the difference
in optical cross sections to 10%. We note that most BC
particles observed in the real atmosphere are larger than
100 nm [27,4]. Considering the performance of the Monte
Carlo photon tracing depends on the number of rays used,
we doubled the photon number and found only small
(o5%) changes in optical cross sections, suggesting a
sufficient photon number in the current computations.

Similar to the T-matrix calculations, the GOS results
show a 20% decrease in extinction and absorption cross
sections and 30% in scattering cross sections by using
the lower bound of BC refractive index (1.75�0.63i). Liu
et al. [19] found 50–70% differences in BC absorption and
scattering cross sections by using 2� i and 1.75�0.5i for
refractive index, which depends on aggregate structures.
By increasing the fractal dimension (from 2.1 to 2.5), we
found that BC absorption cross sections computed from
the GOS method decrease by 5–15% with larger reduc-
tions for larger sizes (Fig. 3c), while the T-matrix results
show a rather small (o3%) change in absorption. Scar-
nato et al. [26] showed that more compact structures
(i.e., larger fractal dimension) lead to weaker BC
absorption by using the DDA method. This is because of
fewer BC primary spherules directly exposed to incident
rays for aggregates with a larger fractal dimension [19].
Both GOS and T-matrix calculations show less than 5%
changes in BC extinction and absorption cross sections
by increasing the primary spherule radius (Fig. 3d). This



Fig. 5. Extinction cross sections (at 532 nm) of coated BC particles with six typical structures computed from the GOS (blue) and superposition T-matrix
(red) methods and measured from laboratory experiments (green). Note that the measured values shown as a reference are the same in all panels. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Same as Fig. 5, but for absorption cross sections.
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is consistent with the conclusion from [18] that BC
scattering and absorption are weakly affected by pri-
mary spherule size.
Fig. 4 shows the asymmetry factor of fresh BC aggre-
gates computed from the GOS and T-matrix methods. The
GOS results closely match (differences o5%) the T-matrix



Fig. 7. Same as Fig. 5, but for asymmetry factors. Note that asymmetry factors are not measured in laboratory experiments.
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calculations for different BC sizes in both standard and
sensitivity cases. The two methods show negligible (o1%)
changes in asymmetry factors when using a smaller BC
refractive index. We found a 5–15% reduction in asym-
metry factors for a larger primary spherule radius
(rps¼10 nm) but a much stronger reduction (40–50%) for a
larger fractal dimension (Df¼2.5) for BC radii smaller than
100 nm. Liu et al. [19] also showed that the asymmetry
factor of BC aggregates decreases substantially with an
increasing fractal dimension from 2 to 3.

3.2. Coated/aged BC particles

Figs. 5 and 6 show the extinction and absorption cross
sections of coated/aged BC particles computed from the
GOS and superposition T-matrix methods and measured
from laboratory experiments. Both GOS and T-matrix
results are consistent with measurements in optical
cross sections for the concentric core–shell structure,
with differences of 5–20% depending on BC size. This is
consistent with the observed efficient structure compac-
tion during BC aging in the experiments [10]. For the
concentric core–shell, off-center core–shell, and partially
encapsulated structures, the GOS calculations show a
good agreement with the T-matrix results in BC optical
cross sections, while the GOS calculations are consistently
higher than the T-matrix results for closed-cell, open-cell,
and externally attached structures with radii smaller than
100 nm. The discrepancy is larger for smaller BC sizes,
due to the uncertainty in the GOS calculation for small
particles. As the particle radius increases to larger than
100 nm, the discrepancy between the two methods in
optical cross sections reduces to less than 15% for all six
coating structures.

We found that the off-center core–shell structure only
leads to less than 5% change in BC optical cross sections
computed from the GOS and T-matrix methods (Figs. 5 and
6), due to the small coating thickness. He et al. [10] found
up to 30% decrease in BC optical cross sections for the off-
center core–shell structure with a thick coating layer.
Similar reductions in absorption caused by the off-center
position of BC cores are also found by Adachi et al. [2]
using the DDA method. The GOS and T-matrix results both
show a substantial decrease in extinction, absorption, and
scattering cross sections for the partially encapsulated
structure with radii smaller than 100 nm but a slight
increase for radii larger than 100 nm, relative to the con-
centric core–shell structure. Kahnert et al. [13] pointed out
that the effect of encapsulated structures on BC absorption
and scattering are strongly dependent on particle size. The
GOS method shows an enhancement of 40–70% in BC
absorption for the closed-cell structure with radius smaller
than 100 nm compared with the concentric core–shell
structure, whereas the T-matrix method shows a 40%
decrease in this case (Fig. 6). We note that BC absorption
for the closed-cell structure, which depends on particle
size and refractive index, could vary from lower to higher
than that of the concentric core–shell structure. For the
open-cell and externally attached structures with radii
smaller than 100 nm, the T-matrix calculations lead to
about 40% reduction in BC absorption relative to the con-
centric core–shell structure. This is likely because the two
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coating structures are relatively loose and open, which
cannot produce effective lensing effects to enhance BC
absorption [10], as well as due to the shadowing effect
from non-absorbing coating material attached outside
pure BC spherules [18]. However, the GOS approach shows
a slight increase (r15%) in BC absorption by the open-cell
and externally attached structures, as a result of the
overestimate produced by GOS calculations for small par-
ticles with complex structures.

Fig. 7 shows the asymmetry factor of coated BC struc-
tures computed from the GOS and T-matrix methods. The T-
matrix calculations show a negligible change in asymmetry
factors of the off-center core–shell structure compared to
the concentric core–shell structure, while the closed-cell
structure results in a 10–40% increase. We found that the
asymmetry factors computed from the T-matrix method for
the open-cell, partially encapsulated, and externally
attached structures are lower than the concentric core–
shell structure with the smallest radius (i.e., 49 nm), but
increase quickly to be higher than that of the concentric
core–shell structure as BC size becomes larger. The GOS
results generally capture the T-matrix results, but the con-
sistency between the two methods varies across different
structures and sizes. The two methods show negligible
differences (r5%) for concentric core–shell, off-center
core–shell, and open-cell structures with all four particle
sizes. The GOS calculations also agree with the T-matrix
results for the externally attached structures with differ-
ences r10%. The discrepancies between the GOS and T-
matrix methods are less than 10% for the closed-cell
structure with radii of 49, 69, and 164 nm but reach up to
25% for a radius of 80 nm. The differences in the partially
encapsulated structure also vary with size, where the GOS
results show 10–30% overestimates for radii smaller than
100 nm and 15% underestimates for radii larger than
100 nm, compared with the T-matrix calculations. This is
probably because of the approximation in GOS computa-
tions of asymmetry factors by the improved geometric-
optics and ray-by-ray integration methods.

In addition, we compared the computational effi-
ciency of the GOS and superposition T-matrix methods.
The T-matrix calculation is usually fast for particles with
size parameter less than 10, particularly when con-
sidering that orientation-averaging is done analytically.
For simple particle shapes, the T-matrix method shows
similar computational time as the GOS approach. How-
ever, when particles have rather complex structures
such as coated BC aggregates in this study, the T-matrix
calculation requires much more time than the GOS cal-
culation. For example, for open-cell and closed-cell
coating structures with radii of 164 nm, the GOS
computation time is �1 min, whereas the T-matrix
computation requires 1–2 h.
4. Conclusions

We have performed a comprehensive intercomparison of
the GOS and superposition T-matrix calculations with
laboratory measurements for optical properties of fresh and
coated/aged BC particles with complex structures. The GOS
and T-matrix results both captured the measured optical
(extinction, absorption, and scattering) cross sections of fresh
BC aggregates, with differences of 5–30% depending on size.
However, the T-matrix calculations tended to be lower than
the measurements, due to uncertainty associated with the-
oretical approximations of realistic BC structures, measure-
ments of particle properties, and numerical computations in
the method. In contrast, the GOS calculations were con-
sistently higher than the measurements (hence the T-matrix
results) for BC radius smaller than 100 nm, due to compu-
tational uncertainty for small particles. The discrepancy
reduced to 10% as the particle size increased to larger than
100 nm. The asymmetry factor computed from the GOS
approach showed a good agreement (differences o5%) with
the T-matrix results for various BC sizes and aggregating
structures. Both the GOS and T-matrix results showed a 20–
30% decrease in optical cross sections of fresh BC aggregates
by using the lower bound of BC refractive index and less than
5% changes by increasing the primary spherule radius, while
the two methods differed to some extent in the sensitivity of
BC absorption to fractal dimension.

For coated/aged BC particles, the GOS and T-matrix
results were consistent with laboratory measurements in
optical cross sections for the concentric core–shell struc-
ture, because of the observed efficient structure compaction
during BC aging. The GOS calculations showed a good
agreement in optical cross sections with the T-matrix
results for the concentric core–shell, off-center core–shell,
and partially encapsulated structures, but were higher than
the T-matrix results for the closed-cell, open-cell, and
externally attached structures with radii smaller than
100 nm. The discrepancy decreased significantly for BC radii
larger than 100 nm. The GOS results captured (differences
r10%) the T-matrix calculations of asymmetry factors for
different coating structures and sizes, except for a few
particle sizes of the closed-cell and partially encapsulated
structures. We found that the sensitivity of optical cross
sections and asymmetry factors to BC coating strongly
depends on particle structures and sizes, where the GOS
results deviated to some extent from the T-matrix calcula-
tions. This is likely due to uncertainty in GOS calculations
for small particles with complex structures. This study
provided the foundation to further apply the GOS approach
to radiative transfer and climate studies in future work.
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