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a b s t r a c t
An idealized spherical model with black carbon (BC) aggregates fully coated by sulfate is developed to
study the absorption enhancement (Eab ) of polydisperse BC aerosols, which is numerically calculated by
the multiple-sphere T-matrix method (MSTM). The aim of this study is to evaluate the effects of aerosol
microphysics on the absorption enhancement of fully coated BC particles. The Eab values of accumulation concentric coated BC aggregates with different BC fractal dimensions vary within 2%, while those of
coarse coated BC aggregates can alter up to 20% depending on shell-core ratio Dp /Dc (spherical equivalent particle diameter divided by BC core diameter). The BC position inside coating can result in an Eab
decrease of fully coated BC aggregates up to approximately 15% and 20% in the accumulation and coarse
modes, respectively. Compared with the concentric spherical structure, the off-center coated BC aggregates shows similar Eab with a difference less than 9% in the accumulation mode, whereas it can lead to
up to 31% reductions in Eab in the coarse mode. The absorption enhancement of aged BC is sensitive to
particle size distribution, and it decreases as particles becomes larger in accumulation mode, whereas the
reverse is true in coarse mode. For BC aggregates fully coated with a very thin layer sulfate at different
size distributions, Eab values are generally in ranges of 1.5–1.8 and 1.3–1.4 in accumulation and coarse
modes, respectively, while with coating reaching Dp /Dc = 2.7, their values range from 1.7–2.4 and 2.0–2.1
in accumulation and coarse modes, respectively. Our study indicates that, larger Dp /Dc with BC aggregates
not close to the coating boundary, or BC position closer to particle geometric center enhance BC lensing
effect, whereas BC aggregates near the boundary of heavy coating may not further enhance lensing effect
signiﬁcantly with increased coating fraction.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Black carbon (BC) aerosols are largely generated due to fossil fuel demands, unless clean renewable energy sources [1,2] are
widely utilized. Black carbon has been identiﬁed as the second
most important anthropogenic global warming agent in the atmosphere by virtue of their strong absorption of solar radiation and
their role in cloud formation [3,4]. The BC climate effects are signiﬁcantly dependent on the mixing state (i.e., externally or internally mixing with other aerosol species) [5,6], and atmospheric aging by coating with secondary components induces BC absorption
enhancement (Eab ) [7,8]. In light of the complex morphology and
mixing structure, our understanding of BC properties, including the
absorption enhancement of aged BC, is still limited, making BC one
∗

Corresponding author.
E-mail addresses: xlnzhang@nuist.edu.cn (X. Zhang), mmao@nuist.edu.cn
(M. Mao).
http://dx.doi.org/10.1016/j.jqsrt.2017.07.025
0022-4073/© 2017 Elsevier Ltd. All rights reserved.

of the biggest uncertainties in the estimation of aerosol radiative
forcing [9,10].
Freshly emitted BC aerosols are mostly hydrophobic and externally mixed with other particulates [11], and soon after, BC
agglomerates to form aged BC aggregates due to multi-phase processes in the atmosphere [12]. The observations show that, during
the aging process, BC becomes coated with other components,
including heterogeneous reactions with gaseous oxidants [13],
coagulation with preexisting particulates [14], and condensation of
sulfate, organics and nitrate [15]. Meanwhile, BC aggregates may
undergo considerable geometry restructuring and become compact
after coated [11]. The coatings on BC can enhance the absorption
above that of uncoated BC particles through the so-called ‘lensing
effect’, which has been conﬁrmed by theoretical calculations
using Mie theory [5,16,17] and laboratory measurements under
controlled conditions [18–21]. The enhancement of absorption can
result in signiﬁcant bias in ambient BC measurements [22,23],
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and further, lead to uncertainties in assessing the radiative effect
[24,25].
Many ﬁeld measurements have been carried out to reveal the
variation of BC absorption during atmospheric aging processes.
Knox et al. [26] observed an absorption enhancement up to 45%
because of BC coating in downtown Toronto, Canada. Naoe et al.
[27] presented that the coating enhance BC absorption by a factor of 1.1–1.4 with a larger enhancement for thicker coating at a
suburban site in Japan. The absorption enhancements rising from
1.4 ± 0.3 in fresh combustion emissions to ∼3 for aged BC aerosols
are found in a regional rural site over the North China Plain (NCP)
[28]. However, Cappa et al. [29] reported a negligible absorption
enhancement of only 6% for ambient BC particles under a variable
mixing state based on direct measurements over California, USA.
This implies that the absorption enhancement of BC due to coating is rather complicated in ambient air, which may be dependent
on particle size distribution, composition ratio, and coating morphology affected by emission sources and aging processes.
Numerical modeling is a powerful method to improve our understanding of the complex absorption enhancement of aged BC
aerosols. Core-shell Mie theory calculations employed by many
current climate models, assume coated BC particles with a concentric spherical conﬁguration and indicate absorption enhancements up to 3 being plausible [16,17]. Thus, the state-of-the-art climate models typically either compute an absorption enhancement
on the basis of simpliﬁed mixing-state assumptions or assume a
constant value of ∼1.5 for BC absorption calculations [30–33]. Nevertheless, the simple concentric spherical core-shell model cannot
adequately represent realistic BC-containing particles in the atmosphere. He et al. [34] calculated the absorption enhancement of BC
coated by sulfuric acid at three monodisperse sizes (i.e., mobility
diameters of 155, 245 and 320 nm) with different morphologies to
capture BC aging in laboratory experiments. Some other coated BC
models representing more realistic morphologies are built to study
their optical properties [e.g., 35, 36], while corresponding calculations relevant to absorption enhancement due to BC coating show
generally qualitative results.
Recently, more and more observations related to the composition ratio and mixing structure of aged BC aerosols are presented.
Based on the SP2 (single-particle soot photometer) measurements
of BC spherical equivalent core diameter (Dc ) and coating thickness, observed values of Dp /Dc (particle diameter divided by BC
core diameter) are 1.1–2.1 in London [37] and 2.1–2.7 in Beijing
[38]. Among aged BC coating materials, sulfates are found to be
primary drivers of enhanced BC absorption in China [28], and the
large sulfate formation rate is induced by the aqueous oxidation
of SO2 by NO2 under polluted environments [39]. About 48.6% BC
particles are observed to be coated with non-refractory materials
during polluted period in northwestern China [40]. The observations from China et al. [41] quantify that ∼50% BC aerosols emitted from biomass burning are heavily coated (embedded), ∼34%
are partly coated, ∼12% have inclusions and ∼4% are bare. Similar results with fully and partly coated morphologies dominated
are observed for aged BC particles at a remote marine free troposphere site in Portugal, where often receives long-range transported air masses from North America, Africa or Europe [42]. Some
studies show that BC aerosols externally attached to or partially
encapsulated in weakly absorbing materials have Eab of ∼1, i.e.,
absorption showing no obvious increase relative to uncoated BC
particles [34,43,44]. This is probably due to that externally attached and partially coated BC geometries lack of eﬃcient lensing effect, and that weakly absorbing coating materials block the
photons from behind BC, producing a shadowing effect [45]. Thus,
BC particles fully coated with weakly absorbing materials account
for the absorption enhancement signiﬁcantly, which is still under discussion. With more recent observations shown, a more
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reliable and quantitative simulation of the absorption enhancement of aged BC aerosols becomes urgent, which will beneﬁt our
understanding of the mechanism responsible for the modelobservation discrepancies.
Here, we build a simple model to systematically account for
the impacts of aerosol microphysics of aged BC particles on their
absorption enhancement based on our current understanding. The
model representing aged BC particles, and the numerical method
used to calculate their absorption properties and absorption enhancements are introduced in Section 2. Section 3 presents the effects of aerosol microphysics, including composition ratio, coating
morphology and size distribution, on the absorption enhancement
of coated BC particles. The sensitivity evaluations of aged BC absorption enhancement due to uncertainties of BC refractive index
are also discussed in Section 3, and Section 4 concludes the work.
2. Methodology
2.1. Aged BC model
The observations indicate that freshly emitted BC particles usually exist as loose cluster-like aggregates, having numerous similarsized spherical monomers [e.g., 46]. The fractal aggregates have
been successfully utilized to construct these freshly BC aggregation
geometry, obeying the well-known statistical scaling law [e.g., 47]:

N = kf

 R D f
g

a

,

(1)

where N is the monomer number of an aggregate, a is the
monomer radius, and kf and Df are the fractal prefactor and fractal dimension, respectively, controlling the aggregate structure. The
aggregate becomes more compact, as kf or Df increases. Rg is the
gyration radius, measuring the overall spatial size of an aggregate,
and is deﬁned as



Rg =

N
1 2
ri ,
N

(2)

i=1

where ri denotes the distance of the ith monomer from the whole
aggregate mass center.
The observations also show that these freshly emitted BC aggregates tend to be coated with secondary aerosol compounds
through coagulation and condensation with the time going [e.g.,
48,49]. During this aging process, most BC particles are thickly
coated, and their chain-like aggregates tend to collapse into more
compact clusters [21,50]. The fractal dimensions for fresh BC aggregates are generally less than 2, while they are close to 3 for aged
BC aerosols [51]. There is suﬃcient evidence that aged BC aerosols
can be overall particle spherical, and some microscopic images do
show this geometry [e.g., 21,52,53]. Meanwhile, the simple spherical coatings on BC have similar effects on optical properties to
those based on more complicated coating structure [35,36]. BC
coating components mainly consist of sulfate, nitrate, ammonium
and organics [54], and we select sulfate as the weakly absorbing
coating material, since it is the primary driver of enhanced BC absorption over China [28,39]. Therefore, the simple sphere with BC
fractal aggregate coated with sulfate, is considered to build a realistic aged BC particle model for eﬃcient optical simulation here.
This study considers the aged BC particles with sulfate fully coated,
which is illustrated in Fig. 1.
To construct this homogeneous internal-mixed particle, we ﬁrst
generate a BC fractal aggregate and then add a spherical sulfate
coating. For the BC aggregates, the value of kf is set to be 1.2
based on Sorensen [47]. The radius a of BC aggregate monomers
varies over a range of about 10–25 nm [55], while the monomer
number N is observed to vary up to approximately 800 [56]. Since
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Fig. 1. Examples of modeled aged black carbon geometries. The fractal black carbon aggregates, containing 200 (left) and 800 (right) monomers, coated with sulfate are
applied to model accumulation and coarse particles, respectively.

the monomer size has a rather weak effect on BC scattering and
absorption after Df being ﬁxed [34,45], we choose two N values
of 200 and 800 as examples for accumulation and coarse particles, respectively, and compare three Df values of 2.6, 2.8 and 2.98
for aged BC aggregates. A tunable particle-cluster aggregation algorithm from Skorupski et al. [57] is used to generate BC aggregates
with given fractal parameters.
2.2. Numerical simulation of bulk absorption properties and Eab
The multiple-sphere T-matrix method (MSTM) [58], one of the
most eﬃcient and accurate models, is used to numerically calculate the random-orientation absorption properties of aged BC aggregates in this study. The MSTM considering a cluster of spheres,
is in the framework of the T-matrix method, with the only limitation that the spherical surfaces are nonoverlapping [59]. It employs the addition theorem of vector spherical wave functions to
account for mutual interactions among the multiple-sphere system,
and its T-matrix for deriving particle absorption properties can be
achieved from the individual spheres [58]. The absorption properties of randomly oriented aerosols can be obtained from the MSTM
without numerical averaging over particle orientations, which is
different from most other numerically exact models. The robust
and popular MSTM code has already been widely utilized for numerous numerical investigations of the absorption properties of
fractal aggregates [e.g., 60,61].
For atmospheric applications, the bulk optical properties averaged over a certain particle size distribution are meaningful, and
an ensemble of BC aggregates with different sizes but the same
sulfate coating fraction is considered in this study. The internalmixed BC-sulfate particles are assumed to follow a lognormal size
distribution in the form of:

1

 

n (r ) = √
exp −
2π r ln(σg )

ln(r ) − ln(rg )
√
2 ln(σg )

2

,

(3)

where rg is the geometric mean radius, and σ g is the geometric
standard deviation [e.g., 49,62]. As particles in accumulation and
coarse modes contribute most of the light absorption, we only consider the coated BC in both modes. To better understand the absorption enhancement of aged BC at different particle size mode,
we use the size distributions in accumulation and coarse modes
separately, which are similar to those applied in the aerosolclimate models [63]. In this study, the rg value is considered to be

0.075 μm [64], whilst σ g values of 1.59 and 2.0 are assumed for
accumulation and coarse BC-sulfate internal mixtures, respectively
[63]. With the particle size distribution given, the bulk absorption
cross section can be easily obtained by following equation:

Cabs  =

rmax
rmin

Cabs (r )n(r )d (r )

(4)

In accumulation mode, the minimum and maximum radii are
set to be rmin = 0.05 μm and rmax = 0.5 μm, respectively. In coarse
mode, rmin is 0.5 μm while rmax is set to be 2.5 μm, since ambient
aerosols with diameter larger than 5 μm is few [65–69] and individual aerosol samples for measuring mixing structures also show
particle size less than 5 μm [46]. With the ensemble-averaged absorption cross section obtained, the absorption enhancement Eab is
given following the equation below:

Eab =

C particle
,
Cbare BC

(5)

where Cparticle is the bulk absorption cross section of the BC aggregates coated with sulfate, while Cbare BC is the bulk absorption
cross section of the same BC aggregates but without sulfate coating (bare BC).
This study considers an incident wavelength of 550 nm, and
corresponding BC and sulfate refractive index are 1.85 − 0.71i
[55] and 1.52 − 5.0 × 10 − 4 i [70], respectively. Based on the Dp /Dc
measurements of coated BC in London and Beijing [37,38], this
study chooses Dp /Dc ranges of 1.1–2.7 for aged BC aggregates. It
should be noted that, some small Dp /Dc values might not be used,
as we only study the cases for BC aggregates with sulfate completely coated (i.e., BC aggregates fully inside sulfate). Based on the
inhomogeneous aged BC model deﬁned, which shows quite realistic geometries and great ﬂexibility, and the eﬃcient MSTM, it is
possible to study the absorption enhancement of aged BC aerosols
affected by their microphysics, including coating morphologies,
composition ratios, BC refractive index and size distributions, with
more details.
3. Results and discussion
3.1. Effect of aged BC morphologies on Eab
The study focuses on the inﬂuence of the microphysics of aged
BC on its absorption enhancements, and, therefore, the properties
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Fig. 2. Absorption cross section (Cabs ) and absorption enhancement (Eab ) of BC aggregates with sulfate coated as functions of shell/core ratio (Dp /Dc , sulfate-BC particle
diameter/spherical volume-equivalent BC core diameter), for accumulation (left two) and coarse (right two) modes, respectively. Four BC morphologies with BC mass center
located at BC-sulfate particle geometric center are considered, including concentric core-shell (black squares), and aggregates with fractal dimensions of 2.98 (red circles),
2.8 (blue up-triangles) and 2.6 (magenta down-triangles). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

of the microphysics are our interest. The aged BC light absorption and its absorption enhancement depend not only on particle
composition ratio (i.e., BC content, or Dp /Dc ) but also on particle
morphology (i.e., the physical arrangement of BC with respect to
other components within a given particle). With sulfate coating
geometry ﬁxed and BC fully coated, we will consider two other
morphological factors: BC geometry and BC position inside sulfate
coating.
To show the effect of BC geometry on aged BC absorption, the
concentric core-shell structures (i.e., mass centers locating at coating center) with inside BC aggregates having fractal dimensions of
2.6, 2.8 and 2.98, as well as a spherical BC core, are considered.
Fig. 2 compares the bulk absorption properties of aged BC aerosols
with different BC geometries at different composition ratios. The
properties are averaged over an ensemble of BC-sulfate internalmixed particles with aforementioned size distributions for accumulation and coarse modes separately. Theoretical results with a
popular BC refractive index of 1.85 − 0.71i and a fractal prefactor of
1.2 described before are used for study unless stated otherwise. It
is expected that, as the BC content increases (i.e., Dp /Dc decreases),
Cabs becomes much stronger. With Dp /Dc varying from 2.7 to 1.1,
the absorption cross sections become almost 8 times larger from
∼0.01 μm2 to ∼0.08 μm2 in accumulation mode, whilst their values increase only about 3 times in coarse mode (see Fig. 2a and b).
With mass-center positions of different BC geometries ﬁxed within
spherical sulfate coating, the overall particle Cabs values are not
sensitive to their inside BC geometries for accumulation aerosols.
Whereas, in coarse mode, coated BC particles with small BC aggregate fractal dimension have larger Cabs , followed by particles with
large BC fractal dimension, and concentric spherical aged BC particles show the lowest absorption at the same BC content. The concentric spherical core-shell structure decreases Cabs of coarse aged
BC by 10–50% depending on BC content and fractal dimension,
compared with the concentric aggregate core-shell structure (i.e.,
concentric core-shell structure with an aggregate BC core). This is
in line with the conclusion presented in Kahnert et al. [71] that differences in BC absorption between concentric spherical core-shell

and encapsulated aggregate structures strongly depends on particle
size, BC volume fraction and wavelength.
As depicted in Fig. 2c and d, the absorption enhancement of BC
aggregates coated with sulfate is sensitive to both composition ratio and BC geometry. For a BC fractal dimension of 2.98, with Dp /Dc
increases from possible minimum values (very thin coating) to 2.7
(heavy coating), Eab variations of 1.6–2.3 and 1.3–2.0 are obtained
in accumulation and coarse modes, respectively. The Eab increases
with Dp /Dc increasing at three different fractal dimensions, indicating small BC content or large sulfate coating fraction enhance
lensing effect. It should be noticed that, the Eab for coarse concentric spherical aged BC decreases with Dp /Dc increasing when
Dp /Dc is larger than 2.0. The inﬂuence of BC geometry on coated
BC absorption enhancement of is relatively complex. For aggregate
BC geometry in concentric core-shell structure, Eab of coated BC
in accumulation mode is less sensitive to its BC fractal dimension
compared to coarse mode. The Eab values of accumulation aged BC
aerosols with different BC fractal dimensions vary within 2%, while
those of coarse coated BC aggregates can alter up to 20%. In coarse
mode, large BC aggregate fractal dimension tends to decrease Eab
for coated BC containing small BC content (e.g., Dp /Dc larger than
2.4), whereas the reverse is true for aged BC with large BC fraction
(e.g., Dp /Dc less than 2.0). For concentric spherical core-shell structure, Eab values of accumulation aged BC are smaller than those of
corresponding concentric aggregate core-shell structure by 3–7%,
depending on Dp /Dc and BC fractal dimension. In contrast, coarse
aged BC particles with a concentric spherical structure can produce
signiﬁcant larger Eab than coated BC aggregates by up to 45%, when
Dp /Dc is less than 2.2. Compared to concentric aggregate core-shell
structure, the accumulation aged BC with a concentric spherical
structure produces similar Cabs but lower Eab , indicating, in accumulation mode, spherical BC core geometry underestimating lensing effect and bare BC aggregates having smaller absorption than
volume-equivalent sphere.
The simulations discussed above assume aged BC with a concentric core-shell structure, which does not always stand for realistic particles, while coated BC with an off-center core-shell struc-
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Fig. 3. Absorption enhancement (Eab ) of aged BC aggregates (BC fractal dimension
of 2.8) with different coating positions as a function of shell/core ratio (Dp /Dc ), for
accumulation (left panel) and coarse (right panel) modes, respectively. Three BC
coating morphologies are considered, i.e., a core-shell with BC mass center located
at particle geometric center (black squares), and two off-center core-shell structures
including BC aggregates lying at middle position of a particle radius (red circles)
and outer position close to spherical boundary (blue triangles). (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

ture may be certainly true for some ambient aerosols. Fig. 3 shows
the absorption enhancements of coated BC aggregates (BC fractal
dimension of 2.8) with aforementioned size distributions for two
different off-center structures in comparison with the concentric
core-shell structure. For both off-center core-shell structures considered, one is BC aggregates locating at the middle of a radius of
coating sphere, and the other is BC at an outer position as close
as possible to the coating boundary. It is evident that the absorption enhancements of aged BC aggregates are very sensitive to the
BC position inside sulfate coating. The values of Eab are found to
decrease as BC aggregates move from the coating center to the
boundary, in consistent with the absorption results of BC-water
mixture presented by Mishchenko et al. [72]. This indicates that
the position of inside BC aggregates closer to coating center (overall particle geometric center) enhances BC lensing effect. Meanwhile, with BC not close to the coating boundary, less BC contents
or more coating volumes also enhance BC lensing effect, since Eab
increases with Dp /Dc increasing. If BC aggregates are situated near
the boundary of sulfate coating, Eab values are within 1.8–2.0 for
accumulation internal mixtures, whereas its values are generally in
the range of 1.4–1.7 in coarse mode. It can be seen that BC aggregates near the boundary of heavy coating may not signiﬁcantly
enhance lensing effect with increased coating fraction. When sulfate coating increases from very thin layer to heavy thickness with
a Dp /Dc of 2.7, the off-center core-shell structure results in Eab
decrease up to approximately 15% and 20% for accumulation and
coarse internal mixtures, respectively, compared to the concentric
aggregate core-shell structure (see Fig. 3).
Compared with the concentric spherical core-shell structure,
the accumulation off-center aged BC aggregates with a BC fractal
dimension of 2.8 show similar Eab with differences less than 9%
(combine Fig. 2 with Fig. 3). Nevertheless, in coarse mode, the offcenter coated BC aggregates lead to up to 31% reductions in Eab depending on BC position inside sulfate coating, and this implies that
assuming a concentric spherical core-shell structure could overestimate BC absorption enhancement, and then BC radiative forcing.
Adachi et al. [73] estimates that using a more realistic BC coating
morphology from in-situ measurements results in around 20% less

Fig. 4. Absorption enhancement (Eab ) of aged BC aggregates (BC fractal dimension
of 2.98) for different fractal prefactors (kf ) as a function of shell/core ratio (Dp /Dc ),
for accumulation (left panel) and coarse (right panel) modes, respectively. Four BC
coating morphologies are considered, i.e., two core-shell structures with BC mass
centers located at particle geometric center having BC fractal prefactors of 1.2 (black
solid squares) and 0.8 (red solid circles), and two structures with BC aggregates at
an outer position close to coating boundary exhibiting BC fractal prefactors of 1.2
(black open squares) and 0.8 (red open circles). (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)

BC direct radiative forcing than using a concentric spherical coreshell structure.
The numerical investigations discussed above consider aged BC
aerosols with a ﬁxed BC fractal prefactor, while kf can also affect the geometry of BC aggregates, in addition to Df . Fig. 4 illustrates the absorption enhancements of coated BC aggregates (BC
fractal dimension of 2.98) with aforementioned size distributions
for two different BC fractal prefactors. The results with kf of 0.8
and 1.2 for two coating structures (a concentric core-shell structure and an off-center structure with BC close to coating boundary)
are compared. The effects of BC fractal prefactor on the absorption
enhancements of aged BC aggregates are complicated, which are
generally similar to the effects of the BC fractal dimension. This
is owing to that both fractal prefactor and fractal dimension control the aggregate structure, and larger Df or kf increases monomer
packing, which can also be seen in Eq. (1). The preceding analysis
demonstrates coating morphologies exerting a signiﬁcant impact
on aged BC absorption enhancement. Therefore, to generate reliable estimates of BC radiative forcing from aerosol-climate models, the parameterization of realistic BC coating morphology seems
to be a must, which, however, could be a challenging task due to
more observations still needing to be carried out.
3.2. Effect of BC refractive index on Eab
Bond et al. [55] show signiﬁcant uncertainties in BC refractive indices (RIs) with an upper-bound BC RI of 1.95 − 0.79i and
a lower-bound of 1.75 − 0.63i. The inﬂuence of BC RI uncertainties
on absorption enhancement of concentric coated BC aggregates (BC
fractal dimension of 2.8) with aforementioned size distributions
is illustrated in Fig. 5. The results with BC RIs at the upper and
lower bounds are compared to those utilizing aforementioned BC
RI of 1.85 − 0.71i. Theoretical calculations show that using a BC RI
of 1.95 − 0.79i increases Eab of accumulation aged BC mixtures by
3–4% while using a 1.75 − 0.63i decreases Eab by 3–4% for different Dp /Dc values (see Fig. 5a). The calculated Eab values of coarse
coated BC based on three different BC RI are in general agreement
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Fig. 5. Absorption enhancement (Eab ) of aged BC aggregates (BC fractal dimension
of 2.8) with different BC refractive index as a function of shell/core ratio (Dp /Dc ),
for accumulation (left panel) and coarse (right panel) modes, respectively. Three
BC refractive index (RIs) are considered, including a popular RI of 1.85 − 0.71i (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). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

with differences less than 2% (see Fig. 5b). Using BC RIs at the upper and lower bounds, He et al. [34] ﬁnd variations of 20–40% and
10–17% in absorption for fresh and coated BC aggregates, respectively. Liu at al. [51] and Scarnato et al. [74] also show that the
absorption of uncoated BC aggregates have strong dependences on
BC refractive index. Although BC refractive index uncertainties affect BC absorption signiﬁcantly, they have little impact on absorption enhancement of coated BC aggregates with differences within
4% and 2% for accumulation and coarse modes, respectively, based
on this study.
3.3. Effect of particle size distribution on Eab
Fig. 6 illustrates the variations of Eab for concentric coated
BC aggregates (BC fractal dimension of 2.8) at different composition ratios with different size distributions. The lognormal size
distributions are assumed for aged BC particles with rg (x axis)
ranging from 0.025 μm to 0.15 μm and σ g as aforementioned values. Fig. 6 clearly depicts that Eab is quite sensitive to both particle
size distribution and composition ratio. As sulfate coating increases
from very thin layer to heavy thickness (i.e., Dp /Dc increases), Eab
increases dramatically, indicating enhanced coating fraction enlarges absorption enhancement of aged BC aerosols. The Eab values
of accumulation aged BC aggregates decrease as rg increases (i.e.,
particles becoming larger), whereas the reverse is true for coarse
coated BC. Compared with the results of coarse particles, Eab values
of accumulation coated BC aggregates are more sensitive to particle
size distribution, i.e., showing larger variation. For BC aggregates
with Df = 2.8 fully coated with very thin sulfate, values of Eab are
in ranges of 1.5–1.8 and 1.3–1.4 in accumulation and coarse modes,
respectively. Nevertheless, as BC particles undergo a heavy sulfate
coating with Dp /Dc = 2.7, their Eab values range from 1.7–2.4 and
2.0–2.1 for accumulation and coarse mixtures, respectively. Overall,
besides composition ratio, Fig. 6 indicates that the absorption enhancement of aged BC is sensitive to its size distribution, and the
sensitivity of absorption enhancement to size distribution becomes
stronger in accumulation mode compared to coarse mode.
The previous theoretical analysis depicts the absorption enhancement of aged BC sensitive to its microphysics (composition
ratio, coating morphology, BC refractive index, and size distribu-
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Fig. 6. Absorption enhancement (Eab ) of aged BC aggregates (BC fractal dimension
of 2.8) with different shell/core ratio (Dp /Dc ) and particle size distribution for accumulation (top panel) and coarse (bottom panel) modes, respectively. The geometric
standard deviations (σ g ) for applied lognormal distribution are 1.59 and 2.0 for accumulation and coarse aerosols, respectively.

tion), which may have atmospheric implications. The BC aging under different atmospheric conditions may cause large variability in
the coating microphysics [41,42,75,76], and thus, better characterizing the microphysics of aged BC aerosols over the world are critical to estimate their absorption enhancement and assess their radiative effect accurately. Peng et al. [77] present that BC aging exhibits two distinct stages, i.e., initial transformation from a fractal
to spherical morphology and subsequent growth of fully compact
particles with a large absorption enhancement, and our employed
aged BC model conforms to this experimental work. Our theoretical predictions for accumulation coated BC are generally consistent
with another experimental work [78], reporting signiﬁcant absorption enhancement of BC aggregates after exposure to sulfuric acid
at 320 nm particle size. Recent observations in a rural site in the
NCP show mean Eab of 2.25 [28], which may be generally captured
using a fully coated BC aggregate model in our study. The high BC
absorption enhancement measured in the NCP may be indicative of
dominated heavily coated BC aerosols with cores not close to the
coating boundary based on above analysis. As Eab is source and regionally dependent [79], we suggest that a simple spherical model
with BC aggregates fully coated with weakly absorbing materials
may be used to describe the aged BC aerosols over the NCP in regional aerosol-climate models. However, it needs to be noticed that
urban aerosols typically contain a mixture of various organic and
inorganic species [80]. In addition to inorganic species, such as sulfate investigated in this study, aged BC aerosols can also contain a
large mass fraction of secondary organics [81], and previous laboratory studies have shown distinct effects of organic coating on
BC optical properties [82]. Thus, the absorption enhancements of
BC aerosols coated with other species, such as organics, still need
investigation, which will be the further studies.
4. Conclusions
The study develops a simple model to study the absorption
properties of aged BC aggregates in accumulation and coarse
modes calculated by the famous MSTM, and reveals the impact
of aerosol microphysics on the absorption enhancement of fully
coated BC. The concentric spherical core-shell structure with the
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equivalent BC and coating volumes is also considered for comparison, as it is the simplest and most widely applied morphology for
coated BC aerosols.
The numerical investigation yields absorption cross sections of
aged BC particles sensitive to their inside BC geometries in coarse
mode but not in accumulation mode. The absorption enhancement of concentric coated BC aggregates is very sensitive to BC
geometry only in coarse mode, and it can alter up to 20% due
to different BC fractal dimensions. The absorption enhancement
of coated BC aggregates is also sensitive to the BC position inside sulfate coating, and the off-center structure can result in Eab
decrease up to approximately 15% and 20% in accumulation and
coarse modes, respectively, compared to the concentric coated BC
aggregates. Compared with the concentric spherical coated BC, the
off-center coated BC aggregates shows similar Eab with differences
less than 9% in accumulation mode, whereas it lead to up to 31%
reductions in Eab in coarse mode, depending on BC position inside
sulfate coating. Our study indicates that, with BC aggregates not
close to the coating boundary, larger Dp /Dc (i.e., less BC content or
more coating fraction) or BC position closer to particle geometric
center enhance BC lensing effect. However, BC aggregates near the
boundary of heavy coating may not further enhance lensing effect
signiﬁcantly with increased coating fraction.
The uncertainties of BC refractive index have little impact on
the absorption enhancement of coated BC aggregates with differences within 4% and 2% for accumulation and coarse modes, respectively. The absorption enhancement of aged BC is also sensitive to particle size distribution, and the sensitivities are stronger
in accumulation mode compared to coarse mode. The Eab values of accumulation coated BC aggregates decrease as rg increases
(i.e., particles becoming larger), whereas the reverse is true for
coarse coated BC. For thin concentric coated BC aggregates with
BC Df = 2.8, values of Eab are in ranges of 1.5–1.8 and 1.3–1.4 in
accumulation and coarse modes, respectively. Nevertheless, as BC
particles undergo a heavy sulfate coating with Dp /Dc = 2.7, their Eab
values range from 1.7–2.4 and 2.0–2.1 for accumulation and coarse
mixtures, respectively.
The aged BC aerosols have complex coating structure in the
atmosphere, with fully coated BC exhibiting signiﬁcant large Eab
depicted in our study. This indicates the signiﬁcant contributions
of fully coated BC particles to ambient BC absorption enhancement measured in ﬁeld experiments, which shows changeability
over different regions. Although the absorption enhancement aged
BC aerosols have large variability due to their complicated coating microphysics, the eﬃcient model developed in this study may
be applied to describe aged BC aerosols over the NCP in regional
aerosol-climate models.
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