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Abstract. Black carbon (BC) aerosol is the strongest
sunlight-absorbing aerosol, and its optical properties are fun-
damental to radiative forcing estimations and retrievals of its
size and concentration. BC particles exist as aggregate struc-
tures with small monomers and are widely represented by
the idealized fractal aggregate model. In reality, BC parti-
cles possess complex and nonideal minor structures besides
the overall aggregate structure, altering their optical proper-
ties in unforeseen ways. This study introduces the parame-
ter “volume variation” to quantify and unify different minor
structures and develops an empirical relationship to account
for their effects on BC optical properties from those of ideal
aggregates. Minor structures considered are as follows: the
polydispersity of monomer size, the irregularity and coat-
ing of the individual monomer, and necking and overlapping
among monomers. The discrete dipole approximation is used
to calculate the optical properties of aggregates with these
minor structures. Minor structures result in scattering cross-
section enhancement slightly more than that of absorption
cross section, and their effects on the angle-dependent phase
matrix as well as asymmetry factor are negligible. As ex-
pected, the effects become weaker with the increase in wave-
length. Our results suggest that a correction ratio of 1.05 is
necessary to account for the mass or volume normalized ab-
sorption and scattering of nonideal aggregates in comparison

to ideal ones, which also applies to aggregates with multi-
ple minor structures. In other words, the effects of minor
structures are mainly contributed by their influence on par-
ticle volume/mass that cannot be ignored, and a relative dif-
ference of approximately 5 % is noticed after removing the
volume effects. Thus, accurate knowledge and evaluation of
BC volume/mass are more important than those of the minor
structures themselves. Most importantly, the simulations of
optical properties of nonideal aggregates are greatly simpli-
fied by applying the empirical relationship because they can
be directly obtained from those of the corresponding ideal
aggregates, a volume/mass difference parameter, and the cor-
rection factor, i.e., 1.05, not the detailed minor structure in-
formation. We expect this convenient treatment to find wide
applications for the accounting for the effects of nonideal mi-
nor structures on BC optical properties.

1 Introduction

Black carbon (BC), produced by incomplete combustion
of fossil fuels, biofuels, and biomass, is one of the
strongest sunlight-absorbing atmospheric constituents (Ja-
cobson, 2001; Andreae and Gelencsér, 2006). BC particles
affect the radiative balance at global and regional scales by
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absorbing solar radiation and reducing the radiation reaching
the surface (Crutzen and Andreae, 1990; Menon et al., 2002;
Kahnert and Devasthale, 2011). Thus, the optical properties
of BC particles are fundamental not only to radiative forcing
estimations but also to retrievals of their size and concen-
tration, whereas they are, in turn, highly dependent on the
complex and heterogeneous morphology of BC particles.

Fractal aggregates have been widely used to represent BC
geometries and to obtain their optical properties (Farias et
al., 1996; Liu et al., 2012; Bescond et al., 2013). In the fractal
aggregate model, aggregates are formed by numerous perfect
same-sized spheres, also called monomers, that are in point
contact. Mathematically, fractal aggregates are described by
the following statistic scaling rule (Sorensen, 2001):

N = kf

(
Rg

ao

)Df

, (1)

where N is the number of monomers in an aggregate, ao is
the radius of primary monomers, and Rg is the gyration ra-
dius. kf (fractal prefactor) and Df (fractal dimension) are pa-
rameters describing the aggregate overall structure, i.e., lacy
or compact. A large amount of experimental evidence con-
firms that freshly emitted BC particles are normally chain-
like, lacy aggregates with Df less than 2, whereas aged BC
aggregates tend to be more compact, with Df values even
close to 3 (Sorensen, 2001; Chakrabarty et al., 2009; Wang
et al., 2017).

BC particles in the ambient atmosphere show significant
diversities in their morphologies and are much more com-
plex than the idealized fractal-like aggregates specified by
Eq. (1), which only describe their general morphology (Wu
et al., 2015a; Pirjola et al., 2017). Figure 1 shows some ex-
amples of transmission electron microscope and scanning
electron microscope (TEM/SEM) images of BC particles
sampled under different real-world scenarios (Gwaze et al.,
2006; Kamimoto et al., 2007; Chakrabarty et al., 2009; Yon
et al., 2015; Wang et al., 2017). The particles are obvi-
ously highly complex, not only in their overall morphol-
ogy but also concerning their detailed structures. As is ap-
parent, actual BC particles display features that are quite
different from the assumptions used for fractal aggregates
(e.g., same-sized, perfectly spherical, and point contacting),
such as polydispersity of monomer size and necking and
overlapping among monomers. Furthermore, BC aggregates
also get mixed with organic or inorganic aerosols in vary-
ing proportions during transport and aging (e.g., the left col-
umn of Fig. 1), and the mixing can alter their morphology
as well. Several studies have been carried out to quantify
these detailed structures to better represent them in numeri-
cal models (Cheng et al., 2014; Moteki, 2016). Among them,
the polydispersity of monomer size is the most well studied
(Chakrabarty et al., 2006, 2007; Bescond et al., 2014; Wu et
al., 2015b), and a complete set of methods have been estab-
lished to characterize monomer size distribution. Bourrous

et al. (2018) developed a semiautomatic analysis to obtain
the overlap coefficient and specific surface areas of aggre-
gates. All these studies show clearly and quantitatively the
existence of detailed minor structures of actual BC aggre-
gates.

The overall fractal aggregate morphologies and their in-
fluences on the optical properties of BC particles have been
well studied (Sorensen, 2001; Liu and Mishchenko, 2005;
Kahnert and Devasthale, 2011). The minor structures men-
tioned above, which have even smaller length scales than
the aggregate overall size, also gain significant attention for
their influence on aggregate optical properties (Farias et al.,
1996; Bond et al., 2006; Scarnato et al., 2013). As a con-
sequence, more realistic and detailed models have been de-
veloped to improve our knowledge of the optical properties
of BC aggregates. Farias et al. (1996) confirmed the effects
of particle polydispersity on mean optical cross sections,
with an amplification ratio of 1.2 and 1.8 for absorption and
scattering, respectively; however, a recent study by Liu et
al. (2015) found the ratios to be 1 and 2.5, respectively. The
significant differences of the amplification ratios are mainly
caused by different monomer size distributions as well as
aggregate parameters considered in the studies. Bescond et
al. (2013) evaluated the impact of overlapping and neck-
ing on the radiative properties of soot aggregates, with the
main focus of their effects being on depolarization. Skorup-
ski and Mroczka (2014) extended the investigation to the ef-
fects of overlapping and necking on the absorption and scat-
tering properties and found that the effects of “small” neck-
ing can be ignored, but when overlap occurs the effects are
pronounced. However, Yon et al. (2015) showed that overlap-
ping and necking may significantly affect the absorption and
scattering properties with the amplification factor being up to
2 at a wavelength of 266 nm. Meanwhile, small- to moderate-
scale coating in different forms have been considered in nu-
merical models to study their effects on the optical proper-
ties, and the impact of coating on absorption was found to
be, on average, 1.1 in the visible spectral range (Scarnato et
al., 2013; Dong et al., 2015; Doner et al., 2017). For a rela-
tively small amount of coating, the extinction and absorption
cross sections are approximately enhanced, respectively, by
5 % and 3 % as the volume fraction of coating increases from
0.01 to 0.2, as shown by Liu et al. (2012). However, Dong et
al. (2015) indicated that the amplification factors of absorp-
tion and scattering increase to 1.15 and 2 for a partial coating
with a volume fraction of 0.5.

Table 1 summarizes some of the previous studies investi-
gating the effects of nonideal minor structures on BC optical
properties (Farias et al., 1996; Liu et al., 2012; Scarnato et
al., 2013; Skorupski and Mrocz, 2014; Yon et al., 2015; Dong
et al., 2015; Doner and Liu, 2017; Doner et al., 2017). Key
parameters for simulations, including the monomer num-
ber, wavelength, structure scale, and the key conclusions are
given in the table. The average amplification factor of optical
properties caused by these minor structures is used to spec-

Atmos. Chem. Phys., 19, 2917–2931, 2019 www.atmos-chem-phys.net/19/2917/2019/



S. Teng et al.: Accounting for the effects of nonideal minor structures 2919

Figure 1. Examples of TEM/SEM images of BC particles from different in situ or laboratory observations (Gwaze et al., 2006; Kamimoto
et al., 2007; Chakrabarty et al., 2009; Yon et al., 2015; Wang et al., 2017).

Table 1. Comparison of the previous studies on effects of minor structures on optical properties of fractal aggregates.

Reference Minor structure Parameters Amplification

N Wavelength (nm) Structure
scale

factor

Farias et al. (1996) Polydispersity 16–256 400–700 1–2 1.0–2.2
Liu et al. (2012) Coating 200 628 0.01–0.2 1.03–1.05
Scarnato et al. (2013) Coating 64–100 200–1000 1.34–1.68 1.0–1.5
Skorupski and Mroczka (2014) Necking, overlapping 2–5 400–800 0.0–1.0

0.0–0.98
0.9

Yon et al. (2015) Necking, overlapping 63–233 266–1064 0.005–1.0
0.0–0.4

∼ 2

Doner and Liu (2015) Overlapping, polydispersity 20–103 532–1064 20 %
20 %

∼ 3.6

Dong et al. (2015) Coating 50–600 550 0.0–0.85 1.15–2
Doner et al. (2017) Necking, overlapping, coating 200 440–1020 0.05–0.5

0.002–0.2
0 %–100 %

1.15

ify these effects. Obviously, quite different conclusions are
found, and this can be attributed to the different assumptions
and parameters used in the numerical models. Because of the
lack of a unified approach and criterion to quantify the effects
of various minor structures, it is difficult to gain an overall
quantitative understanding of such effects and to incorporate
these effects in numerical models for climate modeling and

the retrieval of BC concentrations in optical diagnostics. The
relevant investigations will also likely continue to focus on
the effects of certain specific structures. Furthermore, with
a clear knowledge that the minor structures of aggregates
do influence their optical properties, the numerical simula-
tions and applications for radiative properties of BC parti-
cles become more difficult because more sophisticated and
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less computationally efficient numerical models are required
to accurately capture the effects of such nonideal structures.
Thus, it becomes an open question as to how we should deal
with these different structures and apply them to practical ap-
plications in the future.

This study systematically investigates the effects of several
minor structures on the optical properties of BC aggregates,
including the polydispersity of monomer size, monomer sur-
face irregularity, coating, necking, and overlapping and de-
velops a simple method to account for their effects from the
optical properties of the corresponding idealized fractal ag-
gregates. This paper is organized as follows. Section 2 intro-
duces the numerical models of BC aggregates with different
minor structures and unifies them by introducing a parame-
ter of “volume variation”. The effects of the minor structures
and the empirical relationship to consider them in practical
applications are discussed in Sect. 3. Section 4 concludes this
study.

2 Minor structures

Actual BC aggregates always possess imperfectly detailed
structures, and, to account for their effects on the optical
properties of BC aggregates in numerical simulations, ac-
curate numerical models to adequately represent such struc-
tures are needed. We define the imperfect geometries, such
as monomer size polydispersity, monomer nonsphericity (or
irregular monomer surface), thin coating, necking, and over-
lapping, as “minor structures” in this paper. First, the “mi-
nor” indicates that the structures are relevant at the monomer
scale and do not strongly alter the overall fractal aggregate
structure. Secondly, the structures are assumed to change the
aggregate total volume/mass slightly, e.g., a difference less
than 20 % from the idealized aggregate. The following intro-
duces the five minor structures that will be considered in this
study.

The monomers are often assumed to be same-sized spheres
for simplification in numerical studies on BC optical proper-
ties. However, measurements of sampled BC particles reveal
that BC monomers have clear variations in their sizes, rang-
ing from approximately 10 nm up to even 100 nm (Dankers
and Leipertz, 2004; Chakrabarty et al., 2006; Bescond et al.,
2014). Thus, the polydispersity of monomer size is defined
as the first minor structure, i.e., M1. Based on various obser-
vations (Köylü and Faeth, 1994; Lehre et al., 2003), a log-
normal size distribution provides a close representation of
realistic monomer size distribution:

P (a1)=
1

2a1
√

2π lnc1
exp

[
−

(
ln(a1/ao)
√

2lnc1

)2
]
, (2)

where ao and c1 are the geometric mean radius and geomet-
ric standard deviation, respectively, and a1 indicates the radii
defined for M1. The M1 shown in Fig. 2 schematically gives

Figure 2. Two- and three-dimensional models of five minor struc-
tures. Aggregates with 15 monomers and a fractal dimension of 1.8
are considered for an example.

the two-dimensional illustration of aggregates with polydis-
perse monomers. As aggregate size N becomes larger, the
monomer sizes should follow the aforementioned size dis-
tribution. We fix ao to be the same as that of the same-
sized monomers, and the geometric standard deviation c1 is
the only variable to specify the polydispersity. For c1 larger
than 1, the monomer radii distribute over a wider range. More
details of the definition of the monomer size distribution can
be found in Liu et al. (2015).

Secondly, the actual BC monomers in the atmosphere will
never be perfectly spherical, and there must be irregularity or
surface roughness to some degree for BC monomers. There-
fore, we consider the irregularity of BC monomers as the
second structure feature M2 in this study. Various numerical
models, either stochastic or regular, have been developed to
represent the rough surface of aerosols or ice crystals (Li et
al., 2004; Kahnert et al., 2012a), and some of them can also
be adopted for BC monomers. The surface roughness is a
morphological feature with a random nature, and the model
introduced by Muinonen et al. (1996) is used for each BC
monomer. The model uses multivariate lognormal statistics
(Gaussian random shape), and the monomer surface can be
expressed by

a2 (ϑ,ϕ)=
ao
√
c2

exp(s (ϑ,ϕ)) . (3)

Similarly, a2 (ϑ,ϕ) is the function for defining monomer sur-
face in the model M2. ϑ and ϕ are the azimuth and eleva-
tion angles for given spherical coordinates. s (ϑ,ϕ) is the
random variable obeying the Gaussian distribution with the
mean value of 0 and a fixed variance of 0.05, and the same
definitions are given in Muinonen et al. (1996). The degree
of roughness or irregularity of each monomer is directly con-
trolled by the standard variance of Gaussian distribution, i.e.,
parameter c2. With the decrease of c2, the surface of the
monomer becomes more rough, and spikes on the surface
become sharper. Following Eq. (3), an example of M2 for
two monomers is illustrated in Fig. 2, and the spikes on
monomer spheres can be either outward or inward due to its
randomness. The changes from that of the perfect aggregate
in the aggregate volume due to irregularity are clearly repre-
sented by the red region of M2 in Fig. 2.
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Once emitted into the atmosphere, BC particles are un-
avoidably mixed with non-absorbing or weakly absorbing
aerosols, such as sulfates, nitrates, and organic carbon, which
significantly affects the absorption and scattering properties
of BC particles (Jacobson, 2000; Schwarz et al., 2008; Liu
et al., 2013). The third minor structure (M3) considered is
coating. The mixing states are diverse under different situa-
tions, so various complex coating models have been devel-
oped (Scarnato et al., 2013; Dong et al., 2015). Since this
study focuses on monomer minor structures, a thin coating
model, i.e., M3 shown in Fig. 2, is considered by wrapping
each monomer with a spherical coating shell. Thus, the ra-
dius of the coated sphere can be described by a coating pa-
rameter c3:

a3 = c3 · ao, (4)

where c3 is a dimensionless parameter greater than 1. The red
region of M3 in Fig. 2 indicates the coating material. As c3
increases, the coating becomes thicker and its fraction also
increases. Note that we consider only non-absorbing materi-
als as coating in this study because absorbing aerosols will
introduce additional complications.

Besides the minor structures for individual monomer dis-
cussed above, structures between neighboring monomers
also exist and affect the radiative properties of BC aggre-
gates. The fourth minor structure (M4) is defined as “neck-
ing” between neighboring monomers, which is a result of sin-
tering processes or surface growth around the contact point
(Zaitone et al., 2009; Bescond et al., 2013). We introduce one
of the simplest necking forms, i.e., a cylindrical connector,
and, in other words, cylinders are added around the contact
point of two neighboring monomers along their centers. A
dimensionless parameter c4 is used to quantify the radius of
the circular cylinders a4:

a4 = c4 · ao. (5)

The red region of M4 in Fig. 2 shows the necking between
two neighboring monomers. When c4 = 0, the connection
does not exist, and, for c4 = 1, the radius of the cylinder is
equal to the monomer radius.

The last minor structure (M5) considered is overlapping
between two connected monomers. Two general ways are
used to generate overlapping: one is to reduce the distance
between the centers of two connected monomers (Brasil et
al., 1999; Yon et al., 2015), which will influence the aggre-
gate overall compactness significantly; another is to enlarge
the radius of primary monomers but keep their centers un-
changed (Doner and Liu, 2017), and the aggregate overall
compactness is less influenced. To keep the morphology of
aggregates unchanged and consistent with that of other mi-
nor structures mentioned above, we generate the overlapping
using the latter way in this paper. The enlarged monomer ra-
dius is expressed as follows:

a5 = c5 · ao. (6)

When c5 = 1, the monomers are in point contact, as
in the ideal fractal aggregates. With the increase of c5,
the monomers become larger and there is overlapping be-
tween connected monomers. Although overlapping leads to
a decrease in the aggregate volume, as shown in the red re-
gion of M5 in Fig. 2, the total volume still increases as the
volume of each monomer is larger.

To summarize, the top row of Fig. 2 schematically illus-
trates the definitions of the five numerical models in two di-
mensions. With these basic minor structures defined quan-
titatively, it is straightforward to build fractal aggregates
with these structures. First, idealized fractal aggregates with
same-sized spheres in point contact are generated using a
tunable cluster–cluster aggregation algorithm (Filippov et
al., 2000). From the generated ideal aggregate, we modify
each monomer with different minor structures as discussed
above to develop the nonideal aggregates. The bottom row of
Fig. 2 shows some examples of aggregates with minor struc-
tures, which are modified from ideal aggregates generated
using fractal dimension and fractal prefactor of 1.8 and 1.2,
respectively (Sorensen and Roberts, 1997; Sorensen, 2001;
Kahnert and Devasthale, 2011). The aggregates with only
15 monomers are displayed to better highlight the details of
minor structures in each case.

Geometrically, different numerical models have to be de-
veloped for different minor structures, which make direct
comparisons between these different minor structures chal-
lenging since these structures can lead to different effects on
the optical properties and their effects are seemingly not di-
rectly comparable. Only when these minor structures are de-
fined in a unified manner can their influences on the BC op-
tical properties be quantitatively compared and the nature of
their effects be better understood. For the five minor struc-
tures considered, five different dimensionless parameters are
used to quantify them independently. To this end, we have to
find a unified parameter that can be connected to the effects
of all the five structures in order to quantify them. Consider-
ing that all minor structures influence not only the geometry
but also overall particle volume/mass, we convert geomet-
rical differences into volume/mass differences in this study.
Thus, a unified parameter β, called the volume variation, is
defined, and it simply represents the relative volume differ-
ence between an aggregate with minor structures and the cor-
responding perfect one:

β =
Vβ −Vo

Vo
, (7)

where Vo is the volume of idealized fractal aggregates, and
Vβ is the volume of aggregates with minor structures. Be-
cause the particle volume is one of the most prominent fac-
tors affecting particle optical properties, especially for parti-
cles much smaller than the incident wavelength (e.g., single
monomer), the parameter of volume variation will not only
unify the definition of the minor structures for comparison
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Figure 3. Relationships between geometry parameters and volume
variations.

Table 2. Relationship between different minor structure parameters
(ci with i from 1 to 5) and unified parameter volume variation β.

Para- β

meters

0 0.025 0.05 0.075 0.1 0.15 0.2

c1 1.0 1.090 1.130 1.136 1.160 1.194 1.225
c2 1.0 0.985 0.970 0.955 0.935 0.910 0.880
c3 1.0 1.009 1.017 1.025 1.033 1.048 1.064
c4 0.0 0.502 0.594 0.655 0.702 0.772 0.825
c5 1.0 1.008 1.017 1.025 1.033 1.049 1.063

but also provide a simple quantitative method to account for
their effects on BC optical properties.

Figure 3 illustrates the relationships between the volume
variation β and different structure parameters. The volume
of aggregates with minor structures can be calculated numer-
ically in a discretized space domain with a sufficiently high
spatial resolution, which will also be used for optical prop-
erty simulations in the following section. Obviously, the total
volume variation β varies rapidly with the change of struc-
ture parameters, and these structure parameters under dif-
ferent volume variations can be uniquely identified by their
clear relationships. When β is 0, the BC aggregates are the
original ideal ones. The volume variation range from 0 to
0.2 is considered in this paper. The relationship between the
volume variation and the parameters at a given level of vol-
ume variation is also illustrated in Table 2, in which the five
dimensionless parameters leading to the given β values are
listed. Here it is seen that these values correspond to con-
ditions wherein only one minor structure is allowed in each
case. Meanwhile, the relationship may vary slightly for dif-
ferent aggregates due to their irregular natures, so the β value
of each aggregate will be calculated in the following section.

3 Effects of minor structures

We use the discrete dipole approximation (DDA) method to
simulate the optical properties of BC aggregates with those
minor structures, because it is highly flexible in term of defin-

ing particle shape and composition (Yurkin and Hoekstra,
2007; Kahnert et al., 2012b). The Amsterdam DDA (ADDA)
code developed by Yurkin and Hoekstra (2007, 2011) is
used. In the DDA simulations, the scatterers are discretized
into numerous small sub-volumes, namely dipoles, and par-
ticles with complex shapes can be accurately described via
such dipoles as long as the dipoles are sufficiently small in
comparison to the particle size. Note that the surface gran-
ularity inherent to the DDA model may limit the accuracy
of the resulting optical properties, due to the small-sized
scale of monomers and the minor structures (Draine, 1988;
Moteki, 2016). To ensure that the detailed monomer struc-
tures are adequately represented in the DDA simulations,
we discretize the particles using 200 dipoles per wavelength
(dpl), and this leads to over 900 dipoles per monomer. Liu et
al. (2018b) developed a systematic and comprehensive study
to evaluate the performance of the DDA for simulating the
optical properties of BC aggregates by comparing with the
multiple-sphere T matrix (MSTM) results. Their results in-
dicate that a systematic relative error (∼ 3 % with a dpl of
200) does exist between the DDA and MSTM, whereas such
a systematic and small error will not influence our discus-
sions that mainly focus on the relative values. This paper
mainly discusses the optical properties at an incident wave-
length of 500 nm, and the BC refractive index is assumed to
be 1.8+0.6i; we will also briefly discuss the effects of refrac-
tive index on our results. The original monomer radius for the
ideal aggregate is assumed to be ao = 15 nm. For the over-
all geometry, we consider the fractal dimension values ob-
tained from Wang et al. (2017) and build both lacy aggregates
(Df = 1.8) and aged ones with compact structures (Df = 2.3)
for optical studies. For practical applications, aerosols are
normally considered to be randomly oriented in the ambi-
ent atmosphere, and all the optical properties discussed will
be those averaged over a sufficiently large number of orien-
tations.

Figure 4 compares the relative differences (RDs) between
optical properties of the idealized aggregates and those with
different minor structures as a function of volume varia-
tion β. Here, aggregates with 200 monomers are considered,
and Fig. 4a and b show results of aggregates with Df = 1.8
and Df = 2.3, respectively. Positive RDs mean that the mi-
nor structures enhance the corresponding optical properties.
With the increase of volume variation, the RDs in the extinc-
tion and absorption cross sections increase almost linearly,
and different minor structures tend to have obvious enhance-
ment in extinction and absorption cross sections to varying
degrees. The effects of necking are largest with ∼ 35 % RDs
as β increases to 0.2, while the effects of coating are small-
est with RDs less than 10 %. The RDs of single scattering
albedo (SSA) also become larger with the increase of β (up
to ∼ 15 % at β = 0.2), whereas these differences for differ-
ent minor structures are less significant than those in extinc-
tion and absorption cross sections. The results of asymmetry
factors for different minor structures display very small dif-
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Figure 4. Relative differences of optical properties for aggregates with minor structures compared to those with perfect fractal aggregate
structures at a wavelength of 500 nm. Aggregates with 200 monomers and a fractal dimension of 1.8 (a) and 2.3 (b) are considered.

ferences, and the RDs, less than 3 % even for the largest β
value considered, are close to zero over the entire range of β
considered, suggesting that it is nearly unaffected by the type
and magnitude of minor structures. Furthermore, results for
lacy and compact aggregates are similar, and only the poly-
dispersity of monomer size shows a relatively lower impact
on the SSA.

With almost no influence on the asymmetry factors, the ef-
fects of these minor structures on the angle-dependent scat-
tering matrix elements are also expected to be minor. Fig-
ure 5 shows the normalized phase function and two nonzero
scattering matrix elements (P22 and P34) for aggregates with
minor structures at a volume variation of β = 0.1, and those
of perfect aggregates are given as a direct comparison. Be-
cause minor structures show even lower impacts on other
nonzero scattering matrix elements (P12, P33, and P44), they
will not be shown here. The normalized phase functions
and P34 of aggregates with different minor structures agree
closely with those of idealized aggregates. The polydisper-
sity (the blue lines) has essentially no influence on P11 but
shows impacts on backward scattering with scattering angles
larger than 90◦, and the effects are slightly larger for compact
aggregates. For P22, the necking causes the largest decreases
among the five structures, whereas the overall differences re-
main small (note that the range of P22 values plotted are
between 0.96 and 1). To summarize, minor structures have
negligible effects on the angle-dependent scattering, even at
a volume variation of 0.1. Thus, the scattering matrix ele-
ments of aggregates will not be further considered and the
following discussion will focus only on the integral scatter-
ing properties (i.e., those shown in Fig. 4).

Different from perfect aggregates, whose optical proper-
ties can be calculated conveniently by accurate models such
as the MSTM method (Mackowski, 2014) and the general-
ized multiparticle Mie-solution (GMM) method (Xu, 1995),
modeling the optical properties of aggregates with minor

Figure 5. Three normalized scattering matrix elements (P11, P12,
and P34) of fractal aggregates with minor structures.

structures is much more tedious. This also makes its applica-
tions challenging due to the time-consuming simulations and
uncertainties in the definition of minor structure parameters.
Thus, it is important and necessary to find an empirical re-
lationship between optical properties of aggregates with and
without minor structures. The relationship, which can esti-
mate the optical properties of aggregates with minor struc-
tures from those of idealized ones, should be general and
simple for the purpose of practical application. Fortunately,
Figs. 4 and 5 indicate that although the minor structures have
different influences on aggregate optical properties, they do
have some similar features. For example, their effects on the
extinction and absorption cross sections are almost propor-
tional to the volume variation, and the effects on the scatter-
ing matrix are ignorable. Those features can be applied for
the empirical relationship.
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To develop the empirical relationship based on the current
DDA results, the significant influence of the volume varia-
tion on the cross sections should be considered first. This is
reasonable because minor structures only change monomer
shapes. In the visible and shortwave infrared spectra ranges,
BC monomers are normally in the Rayleigh regime, and the
corresponding absorption and scattering cross sections are
proportional to the volume and volume square, respectively.
Considering the linear relationship shown in the absorption
cross section in Fig. 4, it is reasonable to approximate the ab-
sorption cross section of aggregates with minor structures as
follows:

ABSβ = BABS ·
Vβ

Vo
·ABSo = BABS · (1+β) ·ABSo, (8)

where ABSβ is the absorption cross section of the imperfect
aggregate with a volume of Vβ and volume variation of β,
and ABSo and Vo are the values of the corresponding perfect
aggregate. The 1+β term indicates the change in overall vol-
ume due to minor structures, and the parameter BABS can be
understood as a “correction ratio” indicating the direct effects
of minor structures on the absorption cross section. Similarly,
the relationship for the scattering cross section can be given
as follows:

SCAβ = BSCA ·

(
Vβ

Vo

)2

·SCAo = BSCA ·(1+β)2 ·SCAo. (9)

Meanwhile, the extinction cross section can be obtained by
the sum of the scattering and absorption cross section. Note
that similar relationships to Eqs. (8) and (9) have been pro-
posed by Farias et al. (1996) to account for the effect of
monomer polydispersity but without the terms BABS and
BSCA. Based on the results shown in Figs. 4 and 5, the scat-
tering matrix and asymmetry factor are unchanged. Because
the volume of BC, absorbing material, is not changed in the
coating case, the volume variation term (1+β) in Eq. (8) is
removed in the empirical approximation.

The next step is to determine the values of BABS and
BSCA for different minor structures. We approximate the two
correction ratios based on the results shown in Fig. 4, and
the results are listed in Table 3. All values in the table are
larger than 1, meaning that the minor structures also enhance
the equivalent mass absorption and scattering of aggregates.
Larger values of BABS or BSCA mean that the minor struc-
ture has a stronger influence. TheBABS of necking is the
largest with a value up to 1.08, and the BABS of polydis-
persity is the smallest (1.02). The correction ratios are all in
the range between 1.01 and 1.08 for absorption and scatter-
ing, so the empirical relationships in Eqs. (8) and (9) can
be further simplified by assigning a constant correction ra-
tio of BABS = BSCA = 1.05 for all cases. In other words, we
specify an average enhancement rate in the scattering and
absorption of aggregates with minor structures after consid-
ering volume variation. The resulting cross sections can be

Table 3. Correction ratio obtained from results in Fig. 4 to give the
absorption and scattering cross sections of aggregates with different
minor structures.

Minor structure BABS BSCA

Polydispersity 1.02 1.01
Irregularity 1.05 1.04
Coating 1.05 1.04
Necking 1.08 1.06
Overlapping 1.03 1.03

used to obtain the new single-scattering albedo of aggregates
with minor structures as well. Another advantage of the pro-
posed relationships is that only a volume or mass variation
is needed for the approximation, whereas evaluation of the
geometric parameters of the minor structure is much more
challenging.

To evaluate the performance of the empirical relationship,
Fig. 6 replots the results of Fig. 4 and directly compares
the results using the aforementioned correction relationships
(with the help of those of perfect aggregates) and those of
the rigorous DDA simulations for nonideal aggregates. To
remove the effects of differences in volume in the follow-
ing evaluations, mass extinction and absorption cross sec-
tions (MEC and MAC), i.e., values per unit BC mass, are
considered instead of absolute cross sections, and we use a
BC density of 1.8 g cm−3 (Bond and Bergstrom, 2006). Thus,
the relative errors (REs) in Fig. 6 show the relative errors of
empirical relationships for approximating the optical proper-
ties of BC aggregates with minor structures. The gray shaded
regions indicate REs of between±5 %. Again, Fig. 6a shows
lacy aggregates, and Fig. 6b shows compact aggregates. Ob-
viously, the relative errors between direct DDA simulations
of imperfect aggregates and results from empirical relation-
ships are well under the ±5 %. This indicates that the empir-
ical relationships can provide a good approximation of the
optical properties of BC aggregates with minor structures, at
least for cases considered in this study.

All the studies above are based on an assumed refractive
index of 1.8+ 0.6i (but close to the real one), whereas the
refractive index is not only one of the most important param-
eters for determining BC optical properties but also one of
the most uncertain physical properties (Bond and Bergstrom,
2006; Liu et al., 2018a). To investigate the influence of BC
refractive index on the minor structure effects, Fig. 7 com-
pares the optical properties of BC aggregates with minor
structures with those from empirical relationships as func-
tions of the real part (Fig. 7a) and the imaginary part (Fig. 7b)
of refractive index. Aggregates with 200 monomers and a
fractal dimension of 1.8 are considered, and the volume vari-
ation due to minor structures is set to 0.1. Figure 7 indicates
that the refractive indices do affect optical properties signif-
icantly, whereas the relative differences caused by the minor
structures do not change too much. Only the necking causes
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Figure 6. Relative error of optical properties for aggregates with minor structures between direct DDA simulations and those modified from
ideal fractal aggregates using the empirical correction factors and volume/mass variation.

Figure 7. Comparison of the optical properties of aggregates with minor structures from direct simulations (markers) and those corrected
from empirical relationships (black lines) as functions of refractive indices.

optical properties slightly out the ranges given by the empir-
ical results (shadow regions) due to change of the real part of
refractive index. In other words, the minor structures show
similar effects on BC optical properties at different refractive
indices, and our empirical method can be extended to a wider
range of BC refractive indices.

The performance of this simple approximation utilizing
the optical properties of perfect aggregates is further evalu-
ated for differently sized aggregates at different wavelengths.
Figure 8 compares the optical properties from direct simula-
tions of aggregates with minor structures (markers) and em-
pirical approximations based on properties of perfect aggre-
gates (solid black lines). Here, we consider only lacy aggre-
gates with a fractal dimension of 1.8 and aggregates contain-

ing 50 to 1500 monomers are considered. Again, the volume
variation is 0.1. Thus, the volume equivalent diameter up to
∼ 350 nm is included to cover a wide range of BC size distri-
bution (Schnaiter et al., 2005; Reddington et al., 2013). The
gray shaded regions indicate ±5 % relative errors within the
results from the empirical relationships. As expected, the ef-
fects of minor structures are less sensitive to particle size.
The MEC and MAC for aggregates with monomer polydis-
persity and necking are slightly smaller and larger than the
empirical results, respectively. Nevertheless, all of the mark-
ers, i.e., results from direct simulations of aggregates with
minor structures, lie within the ±5 % gray shaded areas. The
empirical results of SSA agree more closely with direct sim-
ulation results. As expected, the asymmetry factor is least
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Figure 8. Comparison of the optical properties of aggregates with
minor structures from direct simulations (markers) and those from
ideal aggregates but with corrections accounting for the minor struc-
tures (black lines).

affected by minor structures with average REs of less than
2 %. The monomer polydispersity shows some effects on the
asymmetry factor, with REs reaching almost 6.5 % for rel-
atively small aggregates containing 100 monomers or less.
Considering the significant uncertainties of BC parameters, a
relative error of 5 % is acceptable for most applications; fur-
thermore, Fig. 8 validates that the average volume correction
ratio and empirical relationships can be applied confidently
to account for the effects of minor structures on the optical
properties of BC aggregates. Results for compact aggregates
are similar and will not be shown here.

Table 4 shows the bulk optical properties of BC aggregates
with minor structures from direct DDA simulations and those
from the empirical approximations, and the optical proper-
ties of ideal fractal aggregates are also given as a reference.
A lognormal size distribution with a geometric mean diame-
ter and a standard deviation of 120 nm and 1.5, respectively,
are used for aggregate sizes (Alexander et al., 2008; Chung et
al., 2012). It is clear from Table 4 that the bulk optical prop-
erties of ideal aggregates are significantly lower than those
of aggregates with minor structures, especially for MEC and
MAC. With an average over the aggregate size, the empir-
ical approximation should give even better approximations.
The bulk MEC and MAC are approximately 7 and 6 m2 g−1,
respectively, at 500 nm, which is in reasonable agreement
with observations (Bond and Bergstrom, 2006; Kahnert et
al., 2010; Liu et al., 2010; Xu et al., 2017). The empirical re-
sults overestimate MEC and MAC of polydispersity by 3.7 %
and 4.9 %, respectively, and underestimate those of necking
by 3.6 % and 2.8 %. Again, minor structures show less im-
pact on the bulk asymmetry factor and SSA, and the relative
errors from those of idealized aggregates are always less than
2 %. Clearly, after scaling with the empirical relationship, re-
sults from the perfect aggregates can be readily used to rep-

Figure 9. Same as Fig. 8 but for optical properties of aggregates
with 200 monomers at different wavelengths.

resent the bulk optical properties of aggregates with minor
structures.

The results discussed above are at a wavelength of
500 nm and results at different incident wavelengths between
300 and 700 nm are illustrated in Fig. 9. Aggregates with
200 monomers and the fractal dimension of 1.8 are con-
sidered for these simulations at a volume variation of 0.1.
Obviously, all the optical properties decrease with the in-
crease of wavelength because the particles become relatively
small compared to the longer wavelength. The empirical re-
lationship with the same correction ratio 1.05 is applicable
for different wavelengths. Again, all the optical properties of
BC aggregates with different minor structures (markers) are
within the range of ±5 % from the results of empirical ap-
proximations (the solid black lines).

Most previous studies, as well as the aforementioned re-
sults, consider minor structures individually; i.e., the BC ag-
gregates deviate from the ideal ones through only one of the
five structures, whereas atmospheric BC aggregates in gen-
eral contain more than one structure simultaneously. To de-
velop more realistic models to represent actual BC particles,
we further investigate whether the effects of a combination of
different minor structures can still be accounted for by simple
empirical relationships. To this end, we include multiple mi-
nor structures in a single aggregate and use the volume varia-
tion to constrain the combination. For a given total volume
variation, the contribution of each minor structure can be
randomly generated. Figure 10 shows 10 examples of aggre-
gates containing 15 monomers with random combinations of
minor structures to represent their detail morphologies, and
5 examples of aggregates containing 100 monomers, which
are more close to actual BC aggregates, are given in the bot-
tom row. Different combinations show clearly different ge-
ometries, though they all have the same total volume varia-
tion of 0.1 from the corresponding perfect aggregate.
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Table 4. Bulk scattering properties for lacy aggregates with minor structures (β = 0.1) of direct simulations and those from perfect aggregate
structures but with corrections. The values in parentheses represent the relative error (%) from the empirical results.

MEC (m2 g−1) MAC (m2 g−1) SSA g

Ideal 6.88 5.89 0.14 0.55

Polydispersity 6.96 (3.7) 5.90 (4.9) 0.15 (< 0.1) 0.55 (< 0.1)
Irregularity 7.04 (2.5) 5.98 (3.5) 0.15 (< 0.1) 0.55 (< 0.1)
Coating 7.12 (1.4) 6.02 (2.8) 0.15 (< 0.1) 0.55 (< 0.1)
Necking 7.49 (−3.6) 6.37 (−2.8) 0.15 (< 0.1) 0.54 (1.8)
Overlapping 7.12 (1.4) 6.03 (2.6) 0.15 (< 0.1) 0.55 (< 0.1)

Empirical 7.22 6.19 0.15 0.55

Figure 10. Examples of aggregates with random combinations of
minor structures. The aggregates are generated to have the same
volume variation of 0.1 compared to their perfect counterparts.

Figure 11 compares the optical properties of aggregates
with multiple minor structures calculated by the DDA (blue
bars) and those from empirical approximations (yellow bars).
For each case, 20 random aggregates are built and calculated,
and the same volume variation of 0.1 is imposed for im-
perfect aggregates. The averaged optical properties as well
as their variances (vertical red error bars) are shown in the
figure. Surprisingly, even with different combinations of mi-
nor structures, the variances are quite small, indicating that
the differences between the 20 random cases are minor. The
asymmetry factor shows the largest variance, which agrees
with the results of ideal aggregates (Liu et al., 2015). Com-
paring the blue and yellow bars, we can find that the empiri-
cal results agree closely with the accurate calculations as all
of the relative errors are less than 3 %. Therefore, even for BC
aggregates with multiple minor structures, their combined ef-
fects can still be accurately accounted for by the empirical
relationships proposed in this study due to the consistent vol-
ume variation.

To understand the impact of aggregate minor structures on
BC radiative forcing estimations, we compare the direct ra-

Figure 11. Comparison of the optical properties from direct simula-
tions of aggregates with combined multiple minor structures (blue)
and those from perfect aggregate structures but with corrections to
account for the minor structures (yellow).

diative forcing of BC aerosols with and without consider-
ing minor structures. We perform a simple radiative transfer
simulation for a semiquantitative discussion, and the Santa
Barbara DISORT Atmospheric Radiative Transfer Model is
used to calculate BC forcing at a visible wavelength (Ricchi-
azzi et al., 1998; Zeng et al., 2019). Similar to the settings
used by Zeng et al. (2019), the midlatitude summer atmo-
sphere profile is considered, and the surface albedo is set to
0.15. The solar zenith angle is 60◦. We assume BC particles
to be located uniformly at the bottom layer of the atmosphere
with a height between 0 and 1 km and a BC number concen-
tration of 1010 particles m−3 following Reche et al. (2011).
Table 5 compares the input BC properties (optical properties
and aerosol loading) and the corresponding radiative forc-
ings, including those at the top of the atmosphere (TOA)
and the surface (SFC) and in the atmosphere (ATMOS). The
same BC size distribution as well as the corresponding bulk
optical properties given in Table 4 is used. We consider ag-
gregates with the minor structures that lead to a 10 % dif-
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Table 5. BC radiative forcings calculated based on different assumptions of BC optical properties or column amounts.

Case Optical Number Column AOD Radiative forcing
properties concentration mass (W m−2 m−1)

(×1010 N m−3) (mg m−2) TOA SFC ATMOS

1 Nonideal 1.0 1.1 0.0097 4.22 15.59 2.33
2

Ideal
1.0 1.0 0.0084 3.87 13.89 2.08

3 1.1 1.1 0.0092 4.24 15.19 2.27

ference in the volume. For the ideal aggregates, we consider
two BC number concentrations: (1) the same as that for BC
with minor structures, and (2) 10 % larger to account for the
volume increase due to minor structures, whereas both cases
used the optical properties of ideal aggregates. Here, the op-
tical properties of aggregates with minor structures are di-
rectly transformed from those of the ideal ones through the
empirical relationship because those from accurate simula-
tions show relative differences of less than 5 % (see Table 4)
and will not change the forcing values significantly. The ta-
ble indicates that the effects of aggregate minor structures on
BC radiative forcing are in similar orders to the effects on
the optical properties, i.e., relative differences approximately
∼ 12 % between the results of Cases 1 and 2. Again, the
differences are mainly contributed by the differences of BC
amount/volume because, after assuming the same BC mass
between Cases 1 and 3, the forcings become close to each
other. However the effects are interpreted, the effects of mi-
nor structures can be easily accounted for without the tedious
simulations of the optical properties for particles with minor
structures or without even knowing their details.

4 Conclusion

This study investigates the effects of different minor struc-
tures on the optical properties of BC aggregates and devel-
ops a simple empirical treatment to account for their effects
from the optical properties of the corresponding ideal frac-
tal aggregates. The structures considered in this study in-
clude polydispersity, irregularity, coating, necking, and over-
lapping, all of which are for monomers and not the aggre-
gate overall structure. The volume variation can be used to
unify the effects of different minor structures. Minor struc-
tures significantly affect the optical properties of BC aggre-
gates with different fractal dimensions and aggregate sizes,
and with the increase of wavelength, these effects become
slightly weaker. Among the five minor structures, necking
shows the strongest effect. The asymmetry factor and the
scattering matrix are almost unaffected by these minor struc-
tures. For easy and accurate estimation of BC aggregates in-
volving these minor structures, a simple empirical relation-
ship is developed to account for their effects on the optical
properties based on a constant correction ratio of 1.05 and

volume variation from that of the corresponding ideal aggre-
gate. Results show that the empirical relationships can accu-
rately represent the optical properties of BC aggregates with
minor structures. Additionally, the effects of multiple minor
structures are found to be similar to those of a single struc-
ture with the same volume variation and the empirical rela-
tion is also applicable. Overall, the effects of minor struc-
tures on BC aggregate optical properties are mainly caused
by their influences on the total overall volume/mass, and the
minor structure effects merely result in ∼ 5 % differences in
the mass optical properties. Thus, future studies should pay
more attention to BC total volume/mass, and the details of
the minor structures may not need to be considered with the
empirical relationship developed by this study.

For practical applications, the detailed parameters of frac-
tal aggregates as well as the minor structures should be
known, and such knowledge can be obtained via the anal-
ysis of aggregate images (Brasil et al., 2000; Chakrabarty et
al., 2006). Among the minor structures, the monomer size
polydispersity and overlapping have been most widely con-
sidered (Bescond et al., 2014; De Temmerman et al., 2014;
Bourrous et al., 2018). However, with the proposed empir-
ical relationship, only simple estimations of the volume or
mass variation are sufficient to account for the change in op-
tical properties. The methodology proposed in this study en-
ables efficient and accurate prediction of the optical proper-
ties of BC aggregates with minor structures based on those
of the corresponding ideal aggregates that can be calculated
using the MSTM and GMM methods with much less com-
putational effort than the DDA, and the optical properties of
those ideal aggregates have been taken from a comprehensive
database (Liu et al., 2019). This will make the applications
more practical and instructive for experimental analysis.
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