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fraction of black carbon (BC), shell/core ratio, and size distribution, on the absorption enhancement (Eab)
of polydisperse BC aggregates partially coated by organics, which is calculated by the exact multiple-sphere
T-matrix method. The coated volume fraction of BC plays a substantial role in determining the
absorption enhancement of partially coated BC aggregates, which typically have an Eab in the range of
~1.0–2.0 with a larger value for larger coated volume fraction of BC as the shell/core ratio, BC geometry,
and size distribution are ﬁxed. The shell/core ratio, BC geometry, and size distribution have little impact on
the Eab of coated BC with small coated volume fraction of BC, while they become signiﬁcant for large
coated volume fraction of BC. The Eab of partially coated BC particles can be slightly less than 1.0 for the
large BC in the accumulation mode exhibiting large shell/core ratio and small coated volume fraction of BC,
indicating that the absorption shows even slight decrease relative to uncoated BC particles. For partially
coated BC aggregates in the accumulation and coarse modes, the refractive index uncertainties of BC result
in the Eab differences of less than 9% and 2%, respectively, while those of organics can induce larger
variations with the maximum differences up to 22% and 18%, respectively. Our study indicates that
accounting for particle coating microphysics, particularly the coated volume fraction of BC, can potentially
help to understand the differences in observations of largely variable absorption enhancements over
various regions.

1. Introduction
Black carbon (BC) aerosols, largely produced due to fossil fuel demands, are ubiquitous in the atmosphere
and have profound effects on the environment and climate (Mao et al., 2014; Myhre, 2009; Ramanathan
& Carmichael, 2008; Zhang et al., 2015). As a key short-lived climate forcer, BC contributes signiﬁcant
positive radiative forcing, which is identiﬁed as the second most important contributor to global warming
after CO2 (Intergovernmental Panel on Climate Change, 2013). Once emitted into ambient air, BC particles
can be coated with secondary aerosol species (e.g., organics and sulfate) through the aging process, and
their absorption cross section can be enhanced (Shiraiwa et al., 2010). Currently, the results of absorption
enhancement (Eab) of aged BC particles from available experimental, theoretical, modeling, and ﬁeld
studies are inconsistent, leading to large uncertainties in assessing aerosol radiative forcing (Bond
et al., 2013).
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The absorption enhancement of BC due to coatings has been conﬁrmed by laboratory studies conducted
under controlled conditions, which yield a broad range of Eab, varying from 1.05 to 3.5 (Khalizov et al.,
2009; Xue et al., 2009; Shiraiwa et al., 2010; Bueno et al., 2011; Qiu et al., 2012; Bond et al., 2013; Khalizov
et al., 2013). The resulting large variation among detailed laboratory experiments indicates that the
absorption enhancement of coated BC strongly depends on coating microphysics, such as coating materials,
particle morphology, composition ratio, and size distribution. While the laboratory experiments may not
represent adequately ambient BC conditions in the atmosphere, ﬁeld measurements have been
implemented to reveal the absorption enhancement of coated BC. Naoe et al. (2009) report an absorption
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enhancement of 1.1–1.4 because of coatings on BC at a suburban site in Japan. Similar results are observed
in downtown Toronto, Canada, which present that the coating enhances BC absorption by up to 45% (Knox
et al., 2009). The Eab ranging from ~1.4 in fresh combustion emissions to ~3 for aged BC particles, with a
mean value of 2.25, are found in a regional rural site over the North China Plain (NCP) (Cui et al., 2016). A
distinct diurnal pattern of Eab is even reported recently, with Eab of 1.3 ± 0.3 in the morning, rising to
2.2 ± 1.0 in the afternoon, and dropping to 1.5 ± 0.8 during the evening-night, at an urban area, Jinan, in
the NCP (Chen et al., 2017). Meanwhile, Cappa et al. (2012) present a negligible absorption enhancement
of only 6% for ambient BC aerosols under a variable mixing state based on ﬁeld measurements over
California, USA.
The large variability of Eab from ﬁeld observations, implying its complexity in ambient air, may be determined
by the complicated microphysics of coated BC, since Eab is source-dependent and regionally dependent
(S. Liu et al., 2015). Based on measurements of BC spherical equivalent core diameter (Dc) and coating
thickness with a single-particle soot photometer (SP2), the shell/core ratio Dp/Dc (spherical equivalent particle
diameter divided by BC core diameter) is observed to be 1.1–2.1 in London (D. Liu et al., 2015), whereas it is in
the range of 2.1–2.7 in Beijing (Zhang et al., 2016). For the morphology of BC particles released from biomass
burning, China et al. (2013) quantify that ~50% are heavily coated (embedded), ~34% are partially coated,
~12% have inclusions, and ~4% are bare. The mixing state measurement over northwestern China depicts
that 48.6% of measured BC particles are coated with nonrefractory materials in polluted atmosphere
(Wang et al., 2014). The observation of aged BC aerosols shows partially coated morphologies dominated
at a remote marine free troposphere site in Portugal (China et al., 2015). These various coating morphologies
and mixing state of aged BC particles may substantially affect their absorption enhancements, accounting for
the large Eab variation over different regions.
Numerical simulation is able to shed some light on the mechanism responsible for the complex absorption
enhancements of coated BC aerosols with large variability measured in ambient air. Core-shell Mie theory is
employed by many studies, assuming coated BC particles with a concentric spherical conﬁguration and
indicating that absorption enhancements up to 3 are plausible (e.g., Bond et al., 2006; Schwarz et al.,
2008). This simple concentric spherical core-shell model may be only suitable for those severely polluted
environments, such as the NCP, where BC ages with a short timescale and large sulfate formation rate is
induced by the aqueous oxidation of SO2 by NO2 (Peng et al., 2016; Wang et al., 2016). He et al. (2015) ﬁnd
that the absorption enhancement of BC coated by sulfuric acid varies during aging with a numerical
investigation at three monodisperse sizes (i.e., mobility diameters of 155, 245, and 320 nm). Adachi and
Buseck (2013) report that modeled BC particles externally attached to nonabsorbing materials have Eab ~1,
i.e., absorption showing no increase relative to uncoated BC aggregates. The observed irregular BC
coating morphologies in ambient atmosphere can generally be classiﬁed into three types: fully coated,
partially coated, and externally attached (e.g., Adachi & Buseck, 2013, China et al., 2013, 2015). Although
signiﬁcant theoretical calculations have been carried out to study the variation of BC absorption due to
externally attached to, or fully coated by nonabsorbing materials, few research focuses on the numerical
investigation of the absorption enhancement of partially coated BC aerosols, which signiﬁcantly limits our
ability to understand the model-observation discrepancies and to perform accurate radiative
transfer calculations.
Here numerical investigations of the absorption enhancement of polydisperse BC aggregates partially
coated by organics are systematically presented. An exact multiple-sphere T-matrix method (MSTM) is
employed to numerically calculate the absorption properties of partially coated BC aggregates and then
their absorption enhancements. The objective is to evaluate the effects of coating microphysics, including
coated volume fraction of BC, shell/core ratio, and size distribution, on the absorption enhancements of
partially coated BC particles, which hopefully beneﬁts our understanding of the mechanism responsible
for the model-observation discrepancies and reﬁning estimates of aerosol radiative forcing. The sensitivities
of the absorption enhancements due to the refractive index uncertainties of BC and organics are also
stressed. This study is novel in that (1) the absorption enhancements of partially coated BC particles affected
by their coating microphysics are systematically investigated based on recent observations and (2) it provides a plausible reconciliation of the conﬂicting results of largely variable absorption enhancements
observed over various regions with highlighting BC coating volume fraction.
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2. Methodology: Models and Numerical Simulation
Freshly emitted BC particles are often observed to be loose cluster-like
aggregates with numerous similar-sized spherical monomers (e.g., Li
et al., 2016), and the fractal aggregates have been successfully
employed to construct these BC geometries, following the well-known
statistical scaling law (e.g., Sorensen, 2001):
 Df
Rg
;
a
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u N
u1 X
Rg ¼ t
R2 ;
N i¼1 i
N ¼ k0

Figure 1. Sketch map of partially coated black carbon geometry. An example of
fractal black carbon aggregates, containing 200 monomers, is partially coated by
nonabsorbing organics with coated volume fraction of black carbon being 0.5.

(1)

(2)

where the monomer number of an aggregate (N), monomer radius (a), fractal prefactor (k0), and fractal
dimension (Df) control the morphology of a BC aggregate. Rg is the gyration radius, which measures the
overall spatial size of an aggregate, and ri denotes the distance from the ith monomer to the mass center
of the aggregate.
During the aging process, BC aggregates can be coated with organics (e.g., Schwarz et al., 2008; Tritscher
et al., 2011), and their chain-like aggregates tend to collapse into more compact clusters (Coz & Leck, 2011;
Zhang et al., 2008). The fractal dimensions of fresh BC aggregates are generally less than 2, whereas they
are almost 3 for aged BC aerosols (Liu et al., 2008). This study mainly considers the BC aggregates partially
coated with organics, and the coated volume fraction of BC (F) is an important parameter describing the
coating state of BC and organics, which is given following the equation below:
F¼

V BC inside
;
V BC

(3)

where VBC inside is the volume of BC monomers inside organics, while VBC is the volume of the overall BC
aggregate, including BC monomers both inside and outside the coating. The partially coated BC aggregates
typically have a coated volume fraction of BC of 0 < F < 1, while the externally attached and fully coated BC
particles show F = 0 and F = 1, respectively. The organics are treated as spheres that are coated to the BC
fractal aggregates with different coated volume fractions of BC, and some observations of individual aged
BC particles actually do show this spherical coating geometry (e.g., Alexander et al., 2008, Wu et al., 2016,
Zhang et al., 2008).
To construct this inhomogeneous internal-mixed particle, we ﬁrst generate a BC fractal aggregate and then
add a spherical coating of organics. The BC aggregates are generated based on a tunable particle-cluster
aggregation algorithm from Skorupski et al. (2014). The kf value of BC is assumed to be 1.2 (Sorensen,
2001), while two Df values of 1.8 and 2.8 are chosen to represent lacy and compact aged BC aggregates
(Cheng et al., 2014; Wu et al., 2016). The radius a of BC aggregate monomers can change over a range of
about 10–25 nm (Bond & Bergstrom, 2006), whereas the monomer number N is observed to vary up to
approximately 800 (Adachi & Buseck, 2008). As the monomer size has a rather weak effect on BC scattering
and absorption after Df being ﬁxed (He et al., 2015; Liu & Mishchenko, 2007), we choose two N values of
200 and 800 as examples for accumulation and coarse particles, respectively. After a BC aggregate being
generated, the coating sphere of organics is placed to coat the BC aggregate from one side to the other until
an expected F is reached. To avoid overlapping, some BC aggregate monomers are slightly moved, but their
aggregate geometry is still kept. It should be noticed that the BC monomer movements to avoid overlapped
spheres after being coated have led to a slight alteration of the fractal dimension of the BC aggregate. The
sketch map of the BC aggregates partially coated by nonabsorbing organics is depicted in Figure 1.
Many numerical methods, such as the multiple-sphere T-matrix method (Mackowski, 2014), discrete dipole
approximation (Draine & Flatau, 1994), ﬁnite difference time domain method (Yang & Liou, 1996), and
geometric-optics surface-wave (GOS) approach (Liou et al., 2014; Liou & Yang, 2016), can be applied to compute the optical properties of coated BC aggregates. Among these optical methods, the exact MSTM seems to
be fastest, which is in the framework of the T-matrix method, and is employed to accurately calculate the
random-orientation optical properties of partially coated BC aggregates in this study. The MSTM can be
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Table 1
Key Microphysical Properties of BC Aggregates Partially Coated by Organics
Parameters
F
Dp/Dc
BC Df
Size distribution
Refractive index

Applied values

rg, μm
σg
BC
Organics

0.01, 0.25, 0.5, 0.75, 0.99
1.1, 1.5, 1.9, 2.3, 2.7
1.8, 2.8
0.075, 0.75
1.59, 2.0
1.85–0.71i
1.55-0i

10.1002/2017JD027833

applied to arbitrary conﬁgurations of spheres situated internally or
externally to other spheres, with the only limitation that the spherical
surfaces are nonoverlapping (Mackowski & Mishchenko, 1996). The
robust MSTM has already been widely employed for numerous
numerical investigations of optical properties of fractal aggregates
(e.g. Dlugach & Mishchenko, 2015; He et al., 2016; Mishchenko et al.,
2016; Zhang et al., 2017).

For ambient atmospheric applications, bulk aerosol optical properties
averaged over a certain particle size distribution are meaningful. This
study considers an ensemble of BC aggregates with different sizes
but the same coating fraction of organics (i.e., same Dp/Dc), and a lognormal size distribution is assumed
following the form of
"
  !2 #
lnðr Þ  ln r g
1
pﬃﬃﬃ  
nðr Þ ¼ pﬃﬃﬃﬃﬃﬃ   exp 
;
(4)
2π r ln σ g
2 ln σ g
where σ g is the geometric standard deviation and rg is the geometric mean radius (e.g., Yurkin & Hoekstra,
2007; Schwarz et al., 2008). Since particles in accumulation and coarse modes contribute dominated light
absorption, we only consider coated BC aerosols in both modes. For the accumulation mode, the radius
range is set as 0.05–0.5 μm, while the coarse radius range is assumed to be 0.5–2.5 μm as ambient
aerosols with size larger than 5 μm are few (X. Zhang et al., 2012; Zhang, Huang, Rao, et al., 2013;
Zhang, Huang, Zhu, et al., 2013; Zhang et al., 2014; Zhang & Mao, 2015).To better understand the absorption enhancement of partially coated BC at different particle size mode, size distributions in accumulation
and coarse modes are applied separately, which are similar to those used in the aerosol-climate models
(K. Zhang et al., 2012). In this study, we consider the size distributions of coated BC aggregates (i.e., BC-organics
internal mixtures) with rg of 0.075 μm and 0.75 μm and σ g of 1.59 and 2.0 in accumulation and coarse modes,
respectively (K. Zhang et al., 2012). As a particle size distribution is given, the bulk absorption cross section of
coated BC can be easily calculated with the following equation:
r

C abs ðr Þnðr Þdðr Þ
hC abs i ¼ ∫rmax
min

(5)

Given that the ensemble-averaged absorption cross section is obtained, the absorption enhancement Eab is
given in the form of:
C particle
E ab ¼
;
(6)
C bare BC
where Cparticle is the bulk absorption cross section of BC aggregates coated by organics, while Cbare BC is the
bulk absorption cross section of the same bare BC aggregates (without coating of organics).
The absorption enhancement of partially coated BC aggregates is investigated at an incident wavelength of
550 nm, and related refractive indices of BC and organics are assumed as 1.85–0.7li (Bond & Bergstrom,
2006) and 1.55-0i (Chakrabarty et al., 2010), respectively. The shell/core ratio Dp/Dc of coated BC is assumed
to be in the range of 1.1–2.7 on the basis of the SP2 measurements in London (D. Liu et al., 2015) and Beijing
(Zhang et al., 2016). A summary of the key parameters of coated BC applied in this study is listed in Table 1.
With the inhomogeneous coated BC model deﬁned, which depicts quite realistic geometries, it is possible to
study the absorption enhancement of partially coated BC aerosols with more details. It should be noticed
that with signiﬁcant uncertainties in the morphology of coating of organics, our results and conclusions
are speciﬁed for BC with the above mentioned spherical coating. However, for coated BC particles, the simple spherical coating is found to have similar effects on optical properties to those based on more complicated coating structures (e.g., Dong, Zhao, & Liu, 2015; F. Liu et al., 2015). Therefore, it is expected that the
uncertainty in the absorption enhancement of coated BC due to the morphology of coating of organics
would be limited. We only focus on the effects of coated volume fraction of BC, particle shell/core ratio,
and size distribution on the absorption enhancement of partially coated BC, and thus, the assumptions
regarding the morphology of spherical coating of organics would not qualitatively change or overshadow
our conclusions.
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Figure 2. Absorption enhancement (Eab) of BC aggregates coated with organics as a function of shell/core ratio (Dp/Dc,
spherical volume-equivalent particle diameter/BC core diameter), in (a–g) accumulation and (h–n) coarse modes,
respectively. The coated volume fractions of BC (F) of 0.0, 0.01, 0.25, 0.5, 0.75, 0.99, and 1.0 are considered (from left to right).
The black squares and red circles indicate BC fractal dimensions of ~2.8 and ~1.8, respectively. For coating cases with
F = 1, the black solid squares denote BC aggregates locating at an outmost position close to coating boundary, while the
black open squares indicate BC at the particle geometric center.

3. Results and Discussion
3.1. Effect of BC Coating Structure on Eab
Figure 2 depicts the absorption enhancements of BC aggregates partially coated by organics with different
coated volume fractions of BC at different shell/core ratios. Five coated volume fractions of BC (i.e.,
F = 0.01, 0.25, 0.5, 0.75, and 0.99) and two BC fractal dimensions (i.e., Df ≈ 1.8 and 2.8) are considered. To show
the whole effect of coated volume fraction of BC on Eab, two fully coated structures (i.e., a concentric coreshell and an outmost off-center core-shell) and an externally attached structure are also illustrated in
Figure 2 for comparison. The concentric core-shell structure denotes that the mass center of BC aggregates
is located at the overall particle geometric center, while the outmost off-center core-shell structure indicates
that BC aggregates are situated at an outmost position inside organics, which is close to coating boundary.
The properties are averaged over an ensemble of BC-organics internal-mixed particles with the aforementioned size distributions for accumulation and coarse modes separately.
As shown in Figure 2, partially coated BC aggregates with more coated volume fractions of BC have larger Eab
for the same shell/core ratio, and the Eab becomes more sensitive to the shell/core ratio with the increase of
coated volume fraction of BC. Starting from BC fractal dimension of ~2.8, for a small coated volume fraction of
BC with F = 0.01, values of Eab are slightly less than 1.0 (in the range of 0.95–1.0) in accumulation mode,
whereas they have close values between 1.0 and 1.05 in coarse mode. For a moderate coated volume fraction
of BC with F = 0.5, values of Eab are in the ranges of 1.3–1.4 and 1.1–1.2 in accumulation and coarse modes,
respectively. With the coated volume fraction of BC reaching F = 0.99, the Eab varies from 1.6 to 1.9 in accumulation mode, while it ranges from 1.5 to 1.7 in coarse mode. For externally attached BC-organic particles
(see Figures 2a and 2h), their Eab values are ~1.0, which are generally similar to those of BC aggregates
with small coated volume fractions of BC. This is in line with the conclusion presented in Adachi and
Buseck (2013) that BC particles attached to other materials hardly enhance their light absorption.
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Surprisingly, in accumulation mode, the externally attached or partially coated BC aggregates with small
coated volume fraction of BC have Eab slightly less than 1.0, i.e., absorption showing even slight decrease relative to uncoated BC particles. One possible explanation for this result could be that these structures have a
shadowing effect caused by nonabsorbing coating material that prevents photons from being absorbed
by BC (He et al., 2015, 2016; Liu & Mishchenko, 2007). Compared with the partially coated structures, the fully
coated BC structures give larger Eab for ﬁxed Dp/Dc in both accumulation and coarse modes. Among all fully
coated BC aggregates (see Figures 2g and 2n), the Eab given by the outmost off-center core-shell structure is
lower than that given by the concentric core-shell structure with the same Dp/Dc. The Eab of BC aggregates
fully coated by organics with the concentric structure increases in the ranges of 2.0–2.3, 1.8–2.1 in accumulation and coarse modes, respectively, as Dp/Dc increases from 1.9 to 2.7. Nevertheless, the Eab of the outmost
off-center coated BC aggregates have close values in the ranges of 1.9–2.0 and 1.7–1.8 in accumulation and
coarse modes, respectively. One can see that only those fully coated BC aggregates with a concentric structure and high shell/core ratios may have their Eab larger than 2.0. The variation of Eab on coated volume fraction of BC in accumulation mode is relatively stronger than that in coarse mode. The impact of Dp/Dc on the
Eab of coated BC is complicated, especially in coarse mode. In accumulation mode, with Dp/Dc increasing, the
Eab generally show monotonic decrease for F > 0.5, as opposed to the increase of Eab for F > 0.5. The Eab of
coated BC is also sensitive to its BC fractal dimension, and the differences induced by different BC fractal
dimensions are within 5% for externally attached or partially coated BC with small coated volume fraction
of BC.
Generally, the absorption enhancement of BC aggregates due to coating of organics is sensitive to coated
volume fraction of BC, particle geometry, and shell/core ratio, wherein the coated volume fraction of BC plays
a more substantial role in determining the absorption enhancement. The Eab of partially coated BC is less sensitive to particle geometry and shell/core ratio for less coated volume fraction of BC, and with coated volume
fraction of BC being large, the results based on different Dp/Dc show signiﬁcant differences. Speciﬁcally, for a
ﬁxed Dp/Dc, the externally attached or partially coated BC with small F have the lowest Eab of ~1.0, followed by
the partially coated BC with median F, and the fully coated BC have the largest Eab with a value as high
as ~2.0.
3.2. Effect of BC Refractive Index on Eab
As elucidated in Bond et al. (2006), BC refractive indices (RIs) have signiﬁcant uncertainties with an upper
bound BC RI of 1.95–0.79i and a lower bound of 1.75–0.63i. The effect of BC RI uncertainties on the Eab of
BC aggregates (BC fractal dimension of ~2.8) partially coated by organics with the aforementioned size
distributions is illustrated in Figure 3. The results based on BC RIs at the upper and lower bounds and the
RI of aforementioned0 1.85-07li are compared for three coated volume fractions of BC (i.e., F = 0.01, 0.05,
and 0.99). For accumulation partially coated BC, the Eab based on larger BC RI has larger value, and the Eab
differences due to BC RI uncertainties increase from almost 0% to 4–9% depending on Dp/Dc as F increases
from 0.01 to 0.99. For coarse BC aggregates partially coated by organics, their Eab values on the basis of three
different BC RIs are in general agreement with differences within 2%. The absorptions of aged BC aerosols
have strong dependences on BC refractive index (Liu et al., 2008; Scarnato et al., 2015), and variations of
20–40% and 10–17% are found based on the use of BC RIs at the upper and lower bounds for uncoated
and coated BC aggregates, respectively (He et al., 2015). Nevertheless, the uncertainties of BC refractive index
have little effect on the absorption enhancement of partially coated BC aggregates with differences within
9% and 2% in accumulation and coarse modes, respectively.
3.3. Effect of Refractive Index of Organics on Eab
The laboratory observations have indicated that the refractive indices of secondary organic aerosols can vary
between 1.35 and 1.61 due to their chemical and physical complexities, such as parent hydrocarbon, oxidation chemistry, and organics generation temperature (Chakrabarty et al., 2010; Kim & Paulson, 2013). To study
the effect of refractive index of organics on the absorption enhancement of partially coated BC, three RIs of
organics are considered, i.e., 1.35-0i, 1.44-0i, and the aforementioned 1.55-0i. Figure 4 illustrates the Eab variations of partially coated BC aggregates (BC fractal dimension of ~2.8) due to different refractive indices of
organics with the aforementioned size distributions for three coated volume fractions of BC (i.e., F = 0.01, 0.5,
and 0.99). The Eab of partially coated BC aggregates is enlarged, when the large refractive index of organics is
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Figure 3. Absorption enhancement (Eab) of BC aggregates partially coated by organics (BC fractal dimension of ~2.8) as a
function of shell/core ratio (Dp/Dc), for (a–c) accumulation and (d–f) coarse modes, respectively. Three coated volume
fractions of BC of 0.01, 0.5, and 0.99 are shown from left to right. Three BC refractive index (RIs) are considered, including a
popular RI of 1.85–0.7li (red circles), an upper bound RI of 1.95–0.79i (black squares) and a lower bound RI of 1.75–0.63i
(blue triangles).
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Figure 4. Absorption enhancement (Eab) of BC aggregates partially coated by organics (BC fractal dimension of ~2.8) as a
function of shell/core ratio (Dp/Dc), for (a–c) accumulation and (d–f) coarse modes, respectively. Three coated volume
fractions of BC of 0.01, 0.5, and 0.99 are depicted from left to right. Three refractive indices (RIs) of organics are considered,
i.e., 1.55-0i (black squares), 1.44-0i (red circles), and 1.35-0i (blue triangles).
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Figure 5. Absorption enhancement (Eab) of partially coated BC aggregates (BC fractal dimension of ~2.8) with different
shell/core ratio (Dp/Dc) and particle size distribution for (a–c) accumulation and (d–f) coarse modes, respectively. Three
coated volume fractions of BC of 0.01, 0.5, and 0.99 are shown from left to right. The geometric standard deviations (σ g) for
applied lognormal distribution are 1.59 and 2.0 for accumulation and coarse aerosols, respectively.

considered. As F augments from 0.01 to 0.99, the Eab of partially coated BC and its differences due to varying
refractive indices of organics increase dramatically. In accumulation mode, the Eab differences caused by
different RIs of organics are less than 1% for F = 0.01, followed by differences of 10–13% for F = 0.5, while
the differences reach 13–22% for F = 0.99, depending on Dp/Dc. Meanwhile, larger Dp/Dc generally leads to
larger Eab differences in accumulation mode when different RIs of organics are utilized. The Eab differences
induced by different RIs of organics in coarse mode show similar patterns to those in accumulation mode,
and the differences can be up to 18% for F = 0.99. Compared to the uncertainty of BC RI discussed in
previous subsection, the uncertainty of RI of organics results in more uncertainties in the Eab, which
depicts much wider variation range.
3.4. Effect of Particle Size Distribution on Eab
Figure 5 shows the variations of Eab for partially coated BC aggregates (BC fractal dimension of ~2.8) with different particle size distributions at different shell/core ratios. The values of Eab in accumulation mode
(Figures 5a–5c) and in coarse mode (Figures 5d–5f) are depicted in Figure 5, respectively, and the panels from
left to right correspond to three coated volume fractions of BC with F = 0.01, 0.5, and 0.99. The lognormal size
distributions are assumed for the partially coated BC particles with rg (x axis) ranging from 0.025 to 0.15 μm
and 0.5 to 1.0 μm in accumulation and coarse mode, respectively, and σ g ﬁxed as the aforementioned values.
Figure 5 clearly depicts that the Eab of BC aggregates due to partially coated by organics is quite sensitive to
particle size distribution, coated volume fraction of BC, and shell/core ratio. For accumulation coated BC with
F = 0.01, the Eab is in a range between 0.92 and 1.15 and shows weak variation on particle size distribution. It is
interesting to see that the partially coated BC in accumulation mode with small coated volume fraction of BC
exhibits Eab slightly less than 1.0 for large particles (i.e., large rg) with large Dp/Dc. Nevertheless, the variation
of Eab becomes stronger as the accumulation BC aerosols exhibit more coated volume fractions of BC, and
their values vary in the ranges of 1.2–1.4 and 1.4–1.9 for F = 0.5 and F = 0.99, respectively. Comparing the
results of all three coated volume fractions of BC, the Eab of partially coated BC aggregates in accumulation
mode becomes more sensitive to particle size distribution and shell/core ratio, i.e., showing larger variation,
as coated volume fraction of BC becomes larger, and its value is in the range from ~1.0 to less than 2.0.
In Figures 5d–5f, the Eab of partially coated BC in coarse mode shows similar patterns to those in accumulation mode, while the variations on particle size distribution and shell/core ratio become less complicated.
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Compared to the accumulation mode, the Eab of partially coated BC in coarse mode becomes less sensitive to
particle size distribution and shell/core ratio and has much narrower ranges for all three coated volume fractions of BC. The Eab of coarse partially coated BC aggregates is around 1.0 for F = 0.01, whereas its value is in a
range between 1.1 and 1.3 for F = 0.5. When F is increased to 0.99, the Eab of partially coated BC aggregates in
coarse mode ranges from 1.4 to 1.7. Overall, in addition to shell/core ratio, Figure 5 indicates that the absorption enhancement of BC partially coated by organics is sensitive to both coated volume fraction of BC and
size distribution, and the sensitivity of the absorption enhancement to particle size distribution becomes
stronger as coated volume fraction of BC becomes larger and particles are in accumulation mode rather than
coarse mode.
3.5. Atmospheric Implications
Our theoretical analysis has depicted the effects of aerosol microphysics (i.e., coated volume fraction of BC,
particle shell/core ratio, BC refractive index, refractive index of organics, and size distribution) on the absorption enhancement of partially coated BC aggregates. It is documented that BC coating materials typically contain various inorganic species, such as sulfate and nitrate, in addition to organics (Guo et al., 2014). Since
these nonabsorptive inorganic coating species generally have refractive indices similar to those of organics
applied in our study, the results shown may have universal signiﬁcance. Our results indicate that the absorption enhancements of partially coated BC particles are highly sensitive to their coated volume fraction of BC,
and the coated volume fraction of BC seems to be responsible for the absorption enhancement. Meanwhile,
the shell/core ratio, BC geometry, and size distribution have little impact on the Eab of coated BC with small
F, whereas they become signiﬁcant for large F. The observations have shown large variability in BC coating
morphology due to BC aging under different atmospheric conditions (China et al., 2013, 2015; Peng et al.,
2016). Nevertheless, the detailed coating morphologies (such as shell/core ratio) responsible for Eab may
be considered only for coated BC with large coated volume fraction of BC (speciﬁcally, F >~0.5).
Observationally, large diversities of the absorption enhancements, spanning from ~1.06 in California, USA
(Cappa et al., 2012), to ~2.25 in the NCP (Cui et al., 2016), have been revealed. With highlighting the importance of accounting for the coated volume fraction of BC, our studies provide a plausible reconciliation of
the conﬂicting results of largely variable absorption enhancements measured over different regions. Cappa
et al. (2012) report that ambient Eab observations stand in contrast to model formulations assuming a
core-shell conﬁguration and suggest that many climate models may overestimate warming by BC.
Therefore, the partially coated BC model employed in our study may be considered in further studies, since
the simpliﬁed core-shell model is only suitable for fully coated BC aerosols. Currently, the Eab in aerosolclimate models has been commonly conﬁgured in the range of 1–2 (Chung & Seinfeld, 2005; He et al.,
2014; Schulz et al., 2006), and this appears reasonable based on our study. However, a valuable addition to
this is that the fully coated BC particles with high coating fractions may have the Eab larger than 2, just as
those observed in the NCP, where urban-scale photochemical production of sulfate, nitrate, and organics
can happen (Chen et al., 2017). As such, this study suggests that a reliable estimate of the absorption
enhancement of aged BC and then their radiative effects in aerosol-climate models would require the representation of realistic coating microphysics, especially the coated volume fraction of BC.

4. Conclusions
The study explores the impacts of coated volume fraction of BC, shell/core ratio, BC geometry, and size distribution on the absorption enhancements of BC aerosols partially coated by organics, as well as those externally attached and fully coated BC. The fractal aggregate is employed to model the realistic BC geometry, and
its absorption enhancement after coating is calculated utilizing the numerically exact MSTM method. Our
results indicate that the coated volume fraction of BC plays a signiﬁcant role in determining the absorption
enhancement of coated BC aggregates. The particle geometry, shell/core ratio, and size distribution have little impact on the Eab of coated BC with small F, while they become signiﬁcant for large F. The partially coated
BC aerosols typically have an Eab in the range of ~1.0–2.0, and it increases along with the increase of F for a
ﬁxed Dp/Dc, BC geometry, and size distribution. Surprisingly, the large partially coated BC particles with large
Dp/Dc and small F in accumulation mode exhibit Eab slightly less than 1.0, i.e., the absorption showing even
slight decrease relative to uncoated BC particles. For partially coated BC aggregates in accumulation and
coarse modes, the uncertainties of BC RI result in Eab differences of less than 9% and 2%, respectively, and
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more uncertainties are induced by different RI of organics with differences within 22% and 18%, respectively.
Overall, this work presents that the internal particle morphology of coated BC particles can affect the extent
to which absorption enhancements occur, which is consistent with suggestions from Adachi and Buseck
(2013). Accounting for internal particle morphology, especially the coated volume fraction of BC, can potentially help to understand some of the differences in observations of coated BC absorption enhancements in
various regions, although the extent to which variations in coating morphology provides a complete
reconciliation remains to be determined. Another recent work by Fierce et al. (2016) also provides alternative
plausible reconciliation, which show that accounting for the distribution of coating as a function of size, even
within the core-shell framework, can also help to explain lower than anticipated absorption enhancements.
Our study suggests that a reliable estimate of the absorption enhancement of aged BC particles and their
radiative effects would require the representation of realistic coating microphysics, particularly the coated
volume fraction of BC, in aerosol-climate models.
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