Atmos. Chem. Phys., 18, 6259-6273, 2018
https://doi.org/10.5194/acp-18-6259-2018

© Author(s) 2018. This work is distributed under
the Creative Commons Attribution 4.0 License.

Atmospheric
Chemistry
and Physics

The absorption f&ngstrﬁm exponent of black carbon:

from numerical aspects

Chao Liu'?, Chul Eddy Chung?, Yan Yin'?, and Martin Schnaiter*

ICollaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters,

Nanjing University of Information Science & Technology, Nanjing 210044, China

Key Laboratory for Aerosol-Cloud-Precipitation of China Meteorological Administration, School of Atmospheric Physics,
Nanjing University of Information Science & Technology, Nanjing 210044, China

3Desert Research Institute, Reno 89512, USA

4Karlsruhe Institute of Technology, Institute of Meteorology and Climate Research, 76021 Karlsruhe, Germany

Correspondence: Chao Liu (chao_liu@nuist.edu.cn)

Received: 7 September 2017 — Discussion started: 4 October 2017
Revised: 15 March 2018 — Accepted: 10 April 2018 — Published: 4 May 2018

Abstract. The absorption Angstrém exponent (AAE) is an
important aerosol optical parameter used for aerosol charac-
terization and apportionment studies. The AAE of black car-
bon (BC) particles is widely accepted to be 1.0, although ob-
servational estimates give quite a wide range of 0.6—1.3. With
considerable uncertainties related to observations, a numeri-
cal study is a powerful method, if not the only one, to provide
a better and more accurate understanding on BC AAE. This
study calculates BC AAE using realistic particle geometries
based on fractal aggregate and an accurate numerical op-
tical model (namely the multiple-sphere T-matrix method),
and considers bulk properties of an ensemble of BC particles
following lognormal size distributions. At odds with the ex-
pectations, BC AAE is not 1.0, even when BC is assumed
to have small sizes and a wavelength-independent refractive
index. With a wavelength-independent refractive index, the
AAE of fresh BC is approximately 1.05 and relatively in-
sensitive to particle size. For BC with geometric mean diam-
eters larger than 0.12 um, BC AAE becomes smaller when
BC particles are aged (compact structures or coated by other
non-absorptive materials). For coated BC, we prescribe the
coating fraction variation based on a laboratory study, where
smaller BC cores are shown to develop larger coating frac-
tions than those of bigger BC cores. For both compact and
coated BC, the AAE is highly sensitive to particle size dis-
tribution, ranging from approximately 0.8 to even over 1.4
with wavelength-independent refractive index. When the re-
fractive index is allowed to vary with wavelength, a feature

with observational backing, the BC AAE may show an even
wider range. For different BC morphologies, we derive sim-
ple empirical equations on BC AAE based on our numerical
results, which can serve as a guide for the response of BC
AAE to BC size and refractive index. Due to its complex in-
fluences, the effects of BC geometry is better to be discussed
at certain BC properties, i.e., known size and refractive index.

1 Introduction

The absorption Angstrém exponent (AAE) is an aerosol op-
tical property describing the wavelength variation in aerosol
absorption. Because aerosol absorption normally decreases
exponentially with wavelength over the visible and near-
infrared spectral region (Angstr(jm, 1929; Bond, 2001; Lewis
et al., 2008), the AAE is defined as

Cabs(A) = Con™AME - or
In(Caps(X)) =In(C,) — AAE In (1), (1)

where A, Caps, and C, denote wavelength, the aerosol ab-
sorption coefficient, and a wavelength-independent constant
(which equals the absorption coefficient at the wavelength
of 1um). Instead of the absorption coefficient, some stud-
ies use the aerosol absorption optical depth in Eq. (1), be-
cause the two are proportional. The AAE describes absorp-
tion variation with respect to wavelength and is significantly
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influenced by particle size, shape, and chemical composition
(Scarnato et al., 2013; Schuster et al., 2006; Li et al., 2016).
The chemical composition of aerosol material determines the
wavelength-dependent refractive index.

AAE has been widely used for aerosol characterization
studies (Russell et al., 2010; Giles et al., 2012). The basis for
the AAE in aerosol characterization is that AAE is assumed
to be a specific property of each aerosol species. For exam-
ple, black carbon (BC) aerosols have AAEs around 1.0, and
organic aerosols and dust have higher AAE values (Kirch-
stetter et al., 2004; Russell et al., 2010). Thus, the AAE of
an aerosol sample close to 1.0 is considered to be BC-rich
aerosol from fossil fuel burning, and larger AAE values are
understood to indicate aerosols from biomass/biofuel burn-
ing or dust (Russell et al., 2010). AAE has also been quanti-
tatively used to separate brown carbon (BrC) absorption from
BC absorption (Kirchstetter and Thatcher, 2012; Lu et al.,
2015). In the studies of BC/BrC absorption separation, the
BrC absorption from biomass burning aerosols is usually re-
trieved by assuming that BrC contributes no absorption at
near-infrared wavelengths and that BC has an AAE of 1.0
(Ganguly et al., 2005; Kirchstetter and Thatcher, 2012; Lu
et al., 2015). Lack and Langridge (2013) quantified the ef-
fect of a specified BC AAE value on the absorption appor-
tionment between BC and BrC and demonstrated the impor-
tance of BC AAE. Additional uses of AAE include aerosol
color. A recent numerical study done by C. Liu et al. (2016),
for example, confirms that AAE largely controls the color of
aerosols in the ambient atmosphere. They found that aerosols
are visually brown if their AAE is larger than approximately
2. In another use, aerosol spectral light absorption is an im-
portant parameter for the assessment of the radiation budget
of the atmosphere (Schmid et al., 2006).

BC, also known as soot, is an important aerosol species
emitted from incomplete combustion of fossil fuel, bio-
fuel, and biomass (Bond and Sun, 2005; Bond et al., 2013;
Chakrabarty et al., 2014), and it exhibits significant varia-
tions in its physical and chemical properties due to differ-
ences in fuels and combustion conditions (Schnaiter et al.,
2006; Bahadur et al., 2012; Reddington et al., 2013). Does
BC indeed have an AAE of 1.0? The AAE of BC from com-
bustion is widely accepted and used as 1.0 when the particles
exist alone and have not experienced atmospheric aging pro-
cesses (Bergstrom et al., 2002, 2003; Schnaiter et al., 2003;
Lawless et al., 2004; Bond and Bergstrom, 2006). If BC par-
ticles are much smaller than the incident light wavelength
and have a wavelength-independent refractive index, the
Rayleigh approximation does theoretically derive an AAE of
1.0 (Moosmiiller and Arnott, 2009). Atmospheric BC parti-
cles are generally small compared to the wavelengths of vis-
ible light, but it is uncertain that all the BC particles clearly
fall into the Rayleigh regime. Furthermore, there is much un-
certainty in the wavelength dependence of the BC refractive
index. In reality, BC aggregates in the ambient atmosphere
may just fall at the edge of the Rayleigh region at visible
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and near-infrared wavelengths. Figure 1 visualizes the extent
to which the Rayleigh approximation holds for spheres by
comparing with the exact Mie results. In Fig. 1, the x axis
represents the particle size parameter, defined as 2z r/A with
r and X being radius and wavelength, respectively. We can
see from Fig. 1 that the Rayleigh approximation is only valid
for absorption if the size parameter is less than 0.2. To be
more specific, an aerosol sphere with a radius of 20 nm corre-
sponds to a size parameter of approximately 0.13 at a wave-
length of 1000 nm, at which the Rayleigh and Mie results
agree quite well. However, if the wavelength decreases to
300 nm, the size parameter of the same sphere increases to
0.42, and the Rayleigh approximation underestimates the ab-
sorption by over 10 %. BC particles from combustion pro-
cesses are aggregates composed of hundreds or even thou-
sands of spherical monomers with radii in the range of about
5 to 25 nm, and even these monomers lies out of the Rayleigh
regime. The BC aggregate can easily have radii over 100 nm,
which makes the Rayleigh theory even less applicable to BC
absorption calculation. Note that BC size will be discussed
in detail in the next section.

When the true BC AAE is in doubt, one can alternatively
investigate it by measuring the absorption of BC particles
in the atmosphere, which turns out to be more challenging.
BC AAE has been experimentally investigated in numer-
ous studies (e.g., Schnaiter et al., 2003; Kirchstetter et al.,
2004; Bahadur et al., 2012; Chung et al., 2012). In a lab-
oratory study, Schnaiter et al. (2003) found diesel soot to
have an AAE of 1.1 and spark-generated carbon nanopar-
ticles to have an AAE of 2.1. The different AAE values were
mainly attributed to differences in the wavelength depen-
dence of the refractive index for the two BC materials. In
the atmosphere, however, BC particles always co-exist with
other aerosol particles. Non-BC particles can affect the to-
tal aerosol AAE by containing BrC or mineral dust (which
have higher AAE values) and also by coating BC. Coating
of BC amplifies the BC absorption, and the amplification of
BC absorption is dependent on wavelength. Kirchstetter et
al. (2004) measured the absorption of particles near a road-
way or inside a tunnel and, after extracting organic carbon
(including absorptive BrC), found the AAE to be 0.6-1.3.
The locations Kirchstetter et al. (2004) chosen would have
yielded AAE without much interference from BrC or coat-
ing. However, Kirchstetter et al. (2004) used filter-based in-
struments to measure the absorption. Filter-based absorption
instruments are susceptible to multiple artifacts such as opti-
cal interactions between the concentrated particle themselves
and that of the particles with the filter substrate (Moosmiiller
et al., 2009). In addition, filter deposition may alter parti-
cle shapes and size distributions greatly (Subramanian et al.,
2007), which affects aerosol absorption properties signifi-
cantly (Li et al., 2016). Weingartner et al. (2003) and Arnott
et al. (2005), for example, attempted to address these arti-
facts. The available correction schemes are not available for
every type of BC and furthermore not optimized for adjusting
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Figure 1. Comparison of the Rayleigh approximation and Mie the-
ory for the absorption efficiency of spheres with a refractive index
of 1.8+ 0.6i.

AAE. Chow et al. (2009) showed that a particle soot absorp-
tion photometer (PSAP), after an absorption artifact correc-
tion, gave AAE values about 20 % less than a filter-free pho-
toacoustic instrument for the aerosols at Fresno, California.
Gyawali et al. (2012) and Chakrabarty et al. (2013) generated
BC-dominated particles by burning oil and measured the ab-
sorption using filter-free photoacoustic instruments. The es-
timated AAE ranged from 0.8 (kerosene soot) to 0.95-1.1
(mustard oil soot). Because there must be some absorptive or-
ganic aerosols (e.g., BrC) in these aerosol samples that have
a much larger AAE, the indication from these two studies is
that BC AAE is lower than 0.8-1.1.

In addition, AAE values could differ due to differences
in AAE calculations. For example, if the absorptions at two
wavelengths are observed, the AAE can be approximated by

_ In (Caps1/Cabs2)
In(A1/22)

where Cyps1 and Cypsp are the absorption coefficients at the
wavelengths of A1 and A;, respectively. Due to the variation
in different ranges of wavelengths, the AAE approximated by
Eq. (2) becomes quite sensitive to the choice of observational
wavelengths (Moosmiiller and Chakrabarty, 2011).

Whether BC AAE is exactly 1.0 or not is an issue we will
address in this paper. Another issue is whether BC coated
with non-absorptive material would have the same AAE as
uncoated BC. In the aforementioned BC/BrC absorption sep-
aration studies (Kirchstetter and Thatcher, 2012; Lu et al.,
2015), the AAE for uncoated BC was implicitly assumed to
be the same as that for coated BC. Lack and Cappa (2010)
used a core—shell Mie code to investigate how BC changes
its AAE value with respect to coating. At realistic particle
sizes, they showed that the BC AAE increases to 1.4—1.6 af-
ter coating. They computed BC AAE using a group of BC
particles where the cores were specified to have a lognor-
mal size distribution. In their study, coating volume fraction

AAE = , 2
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was assumed to be fixed for all the particles, an assumption
that has no experimental, observational, or theoretical sup-
port. When BC particles grow in size by coating, the parti-
cle growth is governed by condensation. Theoretically, con-
densation reduces the diameter spread between big particles
and small particles over time (Seinfeld and Pandis, 2016),
in contrast to the assumption by Lack and Cappa (2010).
Schnaiter et al. (2005) coated BC particles with secondary
organic aerosol material in a lab and found that the coating
increases particle sizes, while it reduces geometric standard
deviation (see Fig. 5 of their paper), as predicted by theo-
retical calculation of condensation process. Their work pro-
vided a meaningful experimental dataset to derive coating
fraction variation in BC particles. Furthermore, Schnaiter et
al. (2005) also measured the absorption of coated BC par-
ticles at 450, 550, and 700 nm (see Fig. 9 of their paper),
and from these three wavelengths we see that coating does
actually decrease BC AAE (from approximately 1.1 to 0.8),
thereby contradicting the coated BC AAE estimates in the
study by Lack and Cappa (2010). This indirectly indicates
that a fixed coating fraction for different-sized BC may be
problematic.

Although observations do not give a clear value of BC
AAE, it is safe to say that even accurate observations do
not strongly support the theoretical constant of 1.0 for BC
AAE. The fact alone that there are different types of soot par-
ticles (associated with different refractive indices) points to
a range of BC AAE instead of a fixed value. Furthermore, it
is not clear if the real BC AAE is 1.0 on average. Despite all
these uncertainties, BC AAE has been assumed to be 1.0 in
many studies (Lack and Langridge, 2013; Moosmiiller et al.,
2009; Lack et al., 2008; Kirchstetter et al., 2004; Lewis et
al., 2008). Meanwhile, numerical studies on BC AAE have
shown neither systematic nor conclusive results to improve
our understanding on them (Li et al., 2016; Lack and Lan-
gridge, 2013).

This study presents a systematic numerical investigation
on the AAE of BC particles and decomposes the AAE in-
fluence into that due to each particle microphysical prop-
erty (e.g., shape, size, refractive indices, and internal mix-
ing). The paper is organized as follows. The properties of
BC particles used for absorption simulations are discussed in
Sect. 2, and Sect. 3 presents the AAE simulations and decom-
poses the AAE influences. Section 4 concludes this study.

2 BC properties

The absorption of a single particle or an ensemble of parti-
cles can be accurately calculated if the particle shape, size,
and refractive index are known. With a large amount of ob-
servations on BC microphysical and optical properties made
in the past decades (Sorensen, 2001; Bond and Bergstrom,
2006), there is much less uncertainty in estimating shape,
size, and refractive index for BC compared with AAE es-
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timation. The present study embarks on numerical calcula-
tions of the optical properties of an ensemble of BC parti-
cles. There have been numerous calculations of BC optical
properties on a single wavelength (Sorensen, 2001; Liu and
Mishchenko, 2005, 2007; Smith and Grainger, 2014), and the
novelty of the present study is considering much wider but re-
alistic ranges of BC properties (especially the particle shape
and coating fraction) and focusing on AAE systematically.
The following subsections discuss BC geometry, size, and
refractive index and explain how these properties are treated
in the simulations herein.

2.1 BC geometry

BC particles exist in the form of aggregates with hun-
dreds or even thousands of small spherical particles, called
monomers. The concept of the fractal aggregate (FA) shows
great success and wide applications on representing realistic
BC geometries (Sorensen, 2001). The FA is mathematically
described by the statistic scaling rule in the form of

(%)
N=k|l—) ., 3)

a

where N is the number of spherical monomers in an aggre-
gate, a the average radius of the monomers, R, the radius
of gyration, k¢ the fractal prefactor, and Dy the fractal di-
mension. Based on Eq. (3), as k¢ or Dy increases, a relatively
small Ry is required for fixed N and a, which corresponds to
arelatively compact particle. The non-idealized factors, such
as overlapping or necking among monomers, nonsphericity,
and monomer size dispersion, do exist in reality, and their
effects on BC optical properties have been extensively stud-
ied (Skorupski and Mroczka, 2014; Yon et al., 2015; Wu et
al., 2016; C. Liu et al., 2015; F. Liu et al., 2016). It is found
that their effects on the absorption are minor compared with
those of the overall geometry or size. Thus, we ignore those
minor geometric factors in the aggregates and assume FA to
be perfectly aggregated (point-to-point attachment without
overlapping) by same-sized spherical monomers.

Immediately after being emitted into the atmosphere, BC
aggregates exhibit lacy structures with a small fractal dimen-
sion Dy, normally less than 2 (Sorenson, 2001; Chakrabarty
et al., 2009). We refer to these lacy-structured BC aggregates
as fresh BC here. Over time, the structure and chemical com-
position of BC particles change, i.e., a process called “ag-
ing”. Aged BC particles normally have structures of com-
pact aggregates coated by other material (Moffet and Prather,
2009). We refer to these particles as coated BC. In some cases
(such as humidified biomass burning aerosols), aged BC par-
ticles have structures of compact aggregates without coating
(Lewis et al., 2009). We refer to these uncoated aged particles
as compact BC.

The optical properties of the mixed BC were investigated
by a core—shell model with a Mie theory in the past, which
assumes a spherical BC core in the center of coating sphere
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(Chung et al., 2012; Lack et al., 2012; Peng et al., 2016; Mof-
fet and Prather, 2009), and this may introduce significant dif-
ferences on BC optical properties. Meanwhile, some studies
have introduced more complex and realistic geometries to
consider the effects of coating on BC optical properties (Liu
et al., 2012; F. Liu et al., 2016; Dong et al., 2015), whereas
the AAE was not explored. For coated BC, this study uses a
compact aggregate as the BC core, and a spherical coating is
added as the coating material following the numerical model
developed by C. Liu et al. (2017). The coating is assumed
to be non-absorptive sulfate, the wavelength-dependent re-
fractive indices of which are obtained from the well-known
aerosol optical property database OPAC (Hess et al., 1998).
The real part of sulfate refractive index decreases slightly
from 1.47 to 1.42 as the wavelength increases from 0.3 to
1.0 um.

However, the amount of coating, another important fac-
tor to determine the absorption enhancement, is one of the
most poorly investigated issues for coated BC (D. Liu et al.,
2017). The key issue here is to develop a relationship be-
tween core size and coating amount for a group of different-
sized BC particles. In other words, after fresh BC particles
become coated over a certain amount of time, do small cores
tend to have the same coating amount as big cores? Or do
small cores have larger coating fractions than those of big
cores? As pointed out in Sect. 1, if coating volume fraction is
assumed to be fixed for different core sizes, modeled AAE
variation is different from observations (Lack and Cappa,
2010). On the other hand, if we apply aerosol condensation
physics, we speculate that small core particles are associated
with larger coating amount, since condensation reduces the
diameter differences between big and small particles. Thus,
a more realistic and observation-based relationship between
BC core size and coating amount should be derived.

We choose to use the experiment results by Schnaiter et
al. (2005), because they gave the size distributions of the
fresh and coated BC in a closed chamber environment. They
coated diesel soot particles with secondary organic com-
pounds produced by in situ ozonolysis of «-pinene in a large
aerosol chamber facility, and BC particles were aged for 24 h.
Figure 5 of their paper shows how the BC size increases as
coating progresses. Lognormal size distributions were fitted
based on the experimental data, and, during the 24 h aging
process, the geometric mean diameter (GMD) was observed
to increase from approximately 0.2 to 0.4 um, demonstrating
the effect of coating. Meanwhile, the geometric standard de-
viation (GSD) decreased from approximately 1.7 to 1.2. The
pair of BC size distributions before and after 24 h of coating
is shown in Fig. 2a. However, Schnaiter et al. (2005) used a
scanning mobility particle sizer (SMPS) to measure particle
size, so the measured size is the mobility diameter (Dy,). For
thickly coated BC (i.e., BC after 24 h of coating), it can be
safely assumed that the mobility diameter equals the diam-
eter of an equivalent volume sphere (Dequ), because thickly
coated BC particles are highly compact and almost spherical.

www.atmos-chem-phys.net/18/6259/2018/
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Figure 2. (a) Normalized particle number concentration of un-
coated (i.e., fresh) and coated (after 24 h coating) BC, assuming
lognormal size distribution and utilizing a laboratory experiment by
Schnaiter et al. (2005; see Fig. 5 of their study). (b) Estimated rela-
tionship between the diameter of equivalent volume sphere (Dequ)
and mobility diameter (Dy,) for fresh BC aggregates. (¢) The size
distributions for the diameters of the equivalent volume spheres
(Dequ) of BC core and coated BC after 24 h coating, based on pan-
els (a) and (b). (d) Estimated volume fractions of BC core and coat-
ing material as a function of Dequ of BC core, based on panel (c).

Thus, the size distribution measured by the SMPS after 24 h
of coating can directly represent the equivalent volume size
distribution of coated BC (i.e., Deqy is following a lognormal
distribution with a GMD of 0.4 um and a GSD of 1.2).

By assuming that, during the 24 h of coating, there was
no particle coalescence or coagulation, the size distribution
of fresh BC can be taken to represent that of BC cores of
coated BC. For fresh BC, however, the mobility diameter de-
viates substantially from the diameter of equivalent volume
sphere due to the lacy aggregation structures, and the latter
is what we actually need in order to derive the BC core size
distribution. To estimate the equivalent volume diameter of
BC core (i.e., fresh BC), we first convert the mobility diam-
eter of fresh BC aggregates to monomer number, and this is
achieved by applying Eqgs. (5) and (21) in Naumann (2003),
which use the fractal geometric parameters of diesel soot ag-
gregates (Schnaiter et al., 2003). Then, the equivalent volume
diameter can be obtained by assuming the Deqy = 2aN “3re-
lation, and Fig. 2b illustrates the resulting relationship be-
tween Dy, and Degy of BC core, i.e., fresh BC. As expected,
Dequ of fresh BC becomes much smaller than Dy, as the par-
ticles become larger. Finally, the size distributions of Degy
for BC core and coated BC are both obtained, and they are
illustrated in Fig. 3c.

In addition, we are applying the following two simplify-
ing assumptions to map the core size distribution into the
size distribution of the coated BC. (1) Large BC cores are
still larger than small BC cores after coating, i.e., BC cores

www.atmos-chem-phys.net/18/6259/2018/
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Figure 3. Geometries of numerically generated BC aggregates with
different particle geometries, i.e., loose aggregate (a) for fresh BC,
compact aggregate (b) for compact BC, and coated aggregate (c) for
coated BC, and some examples of realistic BC images for com-
parison (Burr et al., 2012; Lewis et al., 2009; Freney et al., 2010).
Again, the monomer diameters are assumed to be 30 nm. A fractal
dimension of 1.8 is assumed for the fresh BC, and 2.8 is used for
the compact and coated BC particles.

from the left or right side of the core size distribution will
appear on the left or right side of the coated BC distribution,
respectively. (2) For each single BC core size there exists
only one single coating amount, i.e., applying a “one-to-one”
mapping between core size and coating amount. With those
two assumptions, the resulting equivalent volume diameter
distribution of the BC core (Dequ, BC core) is mapped to that of
the coated BC (Dequ, coated BC)» and the core-size-dependent
coating amount can be calculated. As a result of this proce-
dure, it is straightforward to estimate the BC core volume
fraction in the coated BC particles: VBccore/ Veoated BC =
(Dequ, BC core/ Dequ,coated,BC)?’, and the volume fractions of
BC core and coating as a function of Dequ, BCcore are visu-
alized in Fig. 2d. As Fig. 2d shows, small BC cores sized in
30-50nm in equivalent volume sphere diameter account for
less than 1 % of the total volume, while large BC cores sized
in 300-330nm explain about 10 % of the total coated BC
particle volume. The relationship between BC core size and
the coating volume fraction agrees with the trend obtained
by Fierce et al. (2016), who used a particle-resolved numer-
ical model. The derived relationship between BC core size
and the coating volume fraction, as shown in Fig. 2d, is the
first experiment-based one to our knowledge, and as such we
view it as realistic. Please note that the coated BC consid-
ered in this study (i.e., coating after 24 h) represents a case
study (resembling the findings presented by Schnaiter et al.,
2005) to give insights into the effects of coating on BC AAE.
In real atmosphere, aged BC particles have extremely differ-
ent and complex shapes and coating amounts (D. Liu et al.,
2017), both of which may significantly influence the optical
properties as well as the AAE.

Atmos. Chem. Phys., 18, 6259-6273, 2018
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Figure 3 visualizes some examples of BC particles to il-
lustrate the three BC formats, i.e., geometries considered in
this study. A tunable particle-cluster aggregation algorithm
is applied to generate the FAs (Filippov et al., 2000; Liu et
al., 2012), and the coating sphere is added with its center lo-
cated at the mass center of compact FA. Three transmission
or scanning electron microscope images of BC particles are
also given in the figure for comparison (Burr et al., 2012;
Lewis et al., 2009; Freney et al., 2010), and we can see that
the numerically generated particles have similar structures to
those observed ones. Geometric parameters for FA with ob-
servational bases have been widely used for numerical stud-
ies (Liu and Mishchenko, 2005; Smith and Grainger, 2014;
Lietal., 2016), and are also applied here to represent realistic
BC particles. Specifically, the diameter of each monomer is
set to 30 nm as supported by observations (Brasil et al., 2000;
Chakrabarty et al., 2014), and the fractal prefactor of 1.2 that
was estimated by Sorensen and Roberts (1997) is used. For
the lacy aggregate, a fractal dimension of 1.8, close to the is
observed average by Koylii et al. (1995) and Sorensen and
Roberts (1997) and both the compact and coated BC parti-
cles use a fractal dimension of 2.8 to make the BC particles
as compact as we can. With the coating fraction as a func-
tion of the BC core size given in Fig. 2d, the aggregates are
completely wrapped inside the coating sphere. Nevertheless,
to better understand the sensitivity of BC AAE to geometries
parameters, we will also explore other monomer diameters
(i.e., 20 and 40 nm) and another fractal dimension of 2.3 (i.e.,
the mean value between the two extreme values and the value
derived from observation of Wang et al., 2017).

2.2 BC size distribution

Particle size distribution is one of the most commonly mea-
sured variables for aerosol studies. Aerosol size measuring
instruments (such as the SMPS mentioned above, and the
single-particle soot photometer, i.e., SP2, and electron mi-
croscopy) have repeatedly shown that a lognormal size dis-
tribution is a good fit for realistic BC size distributions (Bond
et al., 2002; Schnaiter et al., 2005; Chakrabarty et al., 2006;
Kirchstetter and Novakov, 2007; Reddington et al., 2013;
Wang et al., 2015), and it is also widely used in numerical
calculations of BC radiative properties and forcing (Mof-
fet and Prather, 2009; Chung et al., 2012; Li et al., 2016).
It should be noted that various different quantities are used
to describe BC size distribution according to the principle
used for the measurement. For example, as noted before,
the SMPS measures the mobility equivalent diameters Dy,
which is quite sensitive to the particle shape, the SP2 gives
the mass equivalent diameter of BC and BC cores (Redding-
ton et al., 2013; Wang et al., 2015), and the projected areas
deduced from BC micrographs are also used to understand
its size distributions (Chakrabarty et al., 2006). Overall, BC
diameters from a few tens to almost 1000 nm are obtained
(Schnaiter et al., 2005; Chakrabarty et al., 2006; Kirchstet-
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ter and Novakov, 2007; Reddington et al., 2013; Wang et al.,
2015).

To specify and unify the definition, all sizes in this study
are referred to as the diameter of equivalent volume sphere
from here on. For fresh or compact BC, this diameter can be
given as 2a+/N, and, to ensure conservation of both mass
and size distribution for comparison among fresh, compact
and coated BC, the size of coated BC will also be defined as
that of the BC core. With the relationship between the coating
fraction and BC core size given in Fig. 2d, it is straightfor-
ward to derive the overall size of coated BC with the diameter
of bare BC part known. A median size and a standard devia-
tion are used to describe the lognormal size distribution and
to obtain the bulk absorption of an ensemble of BC particles.
The GMDs between 0.10 and 0.12 um are most widely ob-
served and used for numerical study (Alexander et al., 2008;
Coz and Leck, 2011; Reddington et al., 2013; Wang et al.,
2015), and the GSD values vary within a relatively narrow
range. As the advantage of numerical study, we consider a
relatively wide range of particle size distributions with the
GMDs between 0.05 and 0.20 um for sensitivity purposes,
and a fixed GSD of 1.5 is assumed. For BC core with GMDs
between 0.05 and 0.20 um and a GSD of 1.5, the correspond-
ing coated BC with the aforementioned coating faction has
overall GMDs between 0.15 and 0.28 um and GSDs of ap-
proximately 1.2.

For aggregates with fixed monomer sizes (diameter of
30nm without special mention, and 20 and 40 nm used for
sensitivity studies), their diameters are only determined by
the number of monomers in the aggregate. We consider
aggregates with the number of monomers ranging from 1
to 2000, corresponding to diameters of equivalent volume
spheres from 0.03 to almost 0.4 pm. For example, with a
monomer diameter of 30nm, an aggregate with approxi-
mately 300 monomers corresponds to an equivalent-volume
sphere with a diameter of 0.2 pm. Numerical integrations can
be easily carried out to obtain the bulk absorption of an en-
semble of aggregates with a given size distribution. Again,
for coated BC, the size distribution is applied for only the
BC core to make the BC amount and BC size distribution
conserved.

2.3 BC refractive index

The refractive index (RI), a wavelength-dependent complex
variable, is one of the most important parameters to de-
termine aerosol AAE, because the absorptions at different
wavelengths are significantly influenced by both the real and
imaginary parts of RI. However, it is also one of the most
uncertain physical properties of BC particles, because it can-
not be directly observed. Estimates of BC RI have been nor-
mally made from observed absorption, scattering (or extinc-
tion), and size distribution of suspended particles, or from
reflectance measurements on compressed BC pellets, and the
RIis inferred by obtaining a best fit to numerical simulations
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(either Mie theory by assuming spherical particle shape or
the simple Rayleigh—Debye—Gans theory) (Chang and Char-
alampopoulos, 1990; Schnaiter et al., 2003, 2005; Kirchstet-
ter et al., 2004; Dalzell and Sarofim, 1969; Stagg and Char-
alampopoulos, 1993; Vanhulle et al., 2002; Moteki et al.,
2010). Some of those studies extend RIs at particular wave-
lengths into the whole spectrum by the dispersion equations
or the Kramers—Kronig analysis (Dalzell and Sarofim, 1969;
Querry, 1987; Chang and Charalampopoulos, 1990). These
retrieval methods based on the unrealistic spherical shape as-
sumption or inaccurate numerical modeling pose sizable er-
rors on estimated RIs, even without considering the error in
aerosol optical property measurement. Furthermore, the BC
materials from different combustions probably have different
RIs, and this was discussed in the past (e.g., Sorensen, 2001;
Bond and Bergstrom, 2006). After development over almost
half a century, there are numerous datasets available with BC
RIs over the entire solar spectrum to obtain optical proper-
ties for radiative applications related to BC (d’Almeida et
al., 1991; Krekov, 1993; Hess et al., 1998). More details on
the BC RIs have been carefully reviewed and summarized by
Sorensen (2001) and Bond and Bergstrom (2006).

Figure 4 compares BC RIs from those cited studies. Most
observation-based studies give RIs at some specific wave-
lengths, at which the observations are carried out, and some
fitted results with continuous variations are also given. Both
real and imaginary parts of the BC particles show quite wide
ranges of variations, and we eliminated results with a real
part much larger than 2 and an imaginary part much smaller
than 0.5. The real part generally varies between 1.5 and 2.0.
The imaginary part shows similar range of variation, and val-
ues from 0.5 to 1.1 have been retrieved. Furthermore, none of
these datasets show a wavelength-independent RI, and quite
different variations over the wavelength are shown in the
figure. The real part of RI generally increases as the wave-
length becoming larger, whereas the slopes of the variations
are quite different. However, both increasing and decreasing
trends are noticed for the imaginary part of RI. The figure
clearly shows the uncertainties and large variations in BC RI,
which brings the most significant challenge in approximating
its AAE.

In view of Fig. 4, it is difficult to find a single value to rep-
resent BC RI, whereas it is doable to give a reasonable range
of variation for numerical investigation. Considering the sig-
nificant uncertainty in estimated BC RI due to differences
on combustion fuels and conditions as well as whether BC
is fresh or aged, we consider both wavelength-independent
(i.e., constant) and wavelength-dependent RIs and introduce
two parameters to indicate the variation in the real and imagi-
nary part as wavelength, respectively. The real and imaginary
part are defined as

Re (L) =Re, + A (A —0.53), )
Im (1) = Im,, x 108*=059) ®)
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Figure 4. The real and imaginary parts of BC refractive indices
from various observations. The blue shadow depicts the ranges con-
sidered in this study.

where A denotes wavelength in units of microns. A and B
represent the wavelength dependence, and are defined inde-
pendently. We use 0.55 um as the reference wavelength, and
Re, and Im, can be understood as the real and imaginary
part of RI at 0.55um. If A =B =0, the BC RI becomes
wavelength independent. The real part of RI is simply as-
sumed to vary linearly with wavelength, and the imaginary
part is linear in the logarithmic scale. Because the range of
wavelength we consider is relatively narrow, i.e., visible and
near-infrared range, the simple assumption can capture the
general variation in BC RIs. The corresponding A and B val-
ues for the RI shown in Fig. 4 are listed in Table 1, and the
results from the various datasets show quite different values.
It should be noticed that Schnaiter et al. (2003, 2005) give
A and B much larger than those of other datasets. Besides
Schnaiter et al. (2003, 2005), A and B values in the range
of (0.0, 0.25) and (—0.25, 0.0), respectively, are enough to
account for the RI wavelength dependence of other datasets.
In light of the RI estimates made by previous studies, both
A and B are assigned to be in the range of —0.5 and 0.5
here, which gives a much wider range of variation than those
shown in Fig. 4 (besides those from Schnaiter et al., 2003,
2005). The shadow areas in Fig. 3 represent the large range
of Rls that is considered in this study, and the areas clearly
cover most previous BC RI estimates. It should be noticed
that the real and imaginary parts of RI do not change inde-
pendently (Bond and Bergstrom, 2006; Moteki et al., 2010),
and A and B can only change with the limitations of the dis-
persion equations or the Kramers-Kronig analysis. However,
we want to take the advantage of numerical models to better
understand the effects of each parameter on BC AAE, and
thus A and B are assumed here to be independent. This may
lead to an overestimation of the AAE variability due to non-
realistic RL.
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Table 1. Fitted values for the parameters A and B used to define the
spectral variation in BC refractive indices.

Reference A B
Krekov (1993) 0.15 —-0.09
d’Almeida et al. (1991) 0.01 —0.05
Chang and Charalampopoulos (1990) 0.23 —0.22
Schnaiter et al. (2003) 0.63 0.36
Schnaiter et al. (2005) 0.79 0.79

Kirchstetter et al. (2004) —0.05

3 BCAAE

With BC shape, size distribution, and RI known, it becomes
straightforward to calculate the corresponding optical prop-
erties at a given wavelength, and we only consider bulk prop-
erties averaged over a given size distribution in this study.
Multiple numerical models are available to account for the
light scattering properties of a cluster of spheres, where the
individual spheres of the cluster do not overlapping, and
the multiple-sphere T-matrix method (MSTD) developed by
Mackowski and Mishchenko (2011) is used in this study. The
MSTM is a numerically exact model for light scattering by
multiple spheres, and is widely used to study the scattering
properties of BC particles. Due to the high accuracy and ef-
ficiency provided by the MSTM, it becomes convenient to
consider the optical properties of BC as aggregates of small
spherical monomers. In the framework of the MSTM, the BC
particles are rigorously treated as FAs shown in Fig. 3 for
optical property simulations, so the errors can only be intro-
duced by uncertainties in the particle microphysical proper-
ties, and not the numerical model. Furthermore, the MSTM
is also capable of considering the interaction among a large
sphere and small ones embedded inside the host, which is
also the exact configuration for the coated BC case in this
study.

The AAE is widely approximated with the absorptions at
two wavelengths using Eq. (2) (Utry et al., 2014; Li et al.,
2016), and BC shows notable different AAE values over dif-
ferent ranges of the wavelength spectrum. To obtain the most
representative AAE value, we use BC absorptions cross sec-
tions at multiple wavelengths between 0.3 and 1.0 um in steps
of 0.05 um, and the best AAE value to fit these cross sections
over the spectrum is obtained by a linear regression of the
log-transformed data (i.e., between In (Cgpg(A)) and In(A) in
the logarithm format of Eq. 1). Figure 5 illustrates an ex-
ample of the AAE calculation, in which the averaged bulk
absorption cross sections are shown in the logarithmic scale
as a function of wavelength. The red crosses in the figure
are obtained from the MSTM for the fresh BC particles inte-
grated over the BC lognormal size distribution (with a GMD
of 0.12 ym and a GSD of 1.5). A wavelength-independent RI
of 1.8 4+ 0.6/ over the entire spectral range are used for the
simulation. The absorption cross section shows a clear linear
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Figure 5. Absorption cross sections of fresh BC with a wavelength-
independent refractive index of 1.8 + 0.6/ and a GMD of 0.12 um
as a function of wavelength.

variation in the logarithmic coordinate, as indicated by the
blue line, which represents the result of a linear regression
fit. Thus, the slope of the line, i.e., 1.04 in this figure, is the
AAE for BC with the corresponding microphysical proper-
ties. In this way, the bias introduced by considering absorp-
tions at only two wavelengths can be avoided. It should be
noted that the example in the figure shows an excellent linear
relationship, which is not true for all cases, whereas linear re-
gression still gives the best representation on the AAE values
if the absorption does not accurately decrease exponentially.

Figure 6 shows the calculated BC AAE with a wavelength-
independent RI of 1.8 4-0.6i using the aforementioned nu-
merical methods, and the sensitivities of BC AAE to parti-
cle geometry and size are clearly illustrated. The results for
spheres with equivalent volume are also given in the figure
and show obviously different variation from those of non-
spherical particles, which demonstrates the necessity to con-
sider the complex geometries of BC particles. Different BC
conditions in the atmosphere, i.e., fresh, compact, and coated
BC, are represented by particles with different geometries.
As evident in Fig. 6, even for these relatively small aerosols,
geometry has an important influence on the AAE. More-
over, particles with different geometries show different de-
pendences on particle size. D. Liu et al. (2015) pointed out
that the AAE could also be sensitive to monomer size, which
is fixed to have a radius of 15nm in our work. Thus, the
shade in Fig. 6 depicts the influences associated with differ-
ent monomer radii, i.e., a = 10nm and ¢ = 20nm, and all
other results shown in this study use a radius of 15 nm sup-
ported by observations. Monomer size is found to be not very
impactful on the AAE of lacy aggregates, whereas the AAE
may decrease by as much as 0.1 or more for large compact
BC as the monomer radius increases from 10 to 20 nm. The
AAE of the fresh BC is approximately 1.05 and insensitive to
particle size, because the interaction between monomers for
lacy aggregates are relatively weak and the absorption per
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monomer does not change significantly as the BC aggregate
becomes larger. However, based on the Rayleigh theory, the
AAE of small BC with a wavelength-independent RI should
be 1.0 (Moosmiiller and Arnott, 2009), because the Rayleigh
absorption for small particles is proportional to A ~!. Because
the Rayleigh approximation underestimates particle absorp-
tion for relatively small aggregates as wavelength becomes
smaller (see Fig. 1 and the corresponding discussion), es-
pecially those with aggregation structures, and thus accu-
rate scattering simulations give AAE values a little bit larger
than 1.0 for even small-sized particles with wavelength-
independent RI. Meanwhile, the AAE of the compact and
coated BC is highly sensitive to particle size and decreases
sharply with the GMD. The compact BC has smaller AAE
than fresh BC and shows an AAE as low as almost 0.8 as the
GMD becomes close to 0.2 um. For aggregates with a fractal
dimension of 2.3, the AAE curve lies right between those of
fresh (Df = 1.8) and compact (Df = 2.8) BC, and this fur-
ther demonstrates the clear influence of aggregates structure
on BC AAE. The AAE of coated BC is even more sensi-
tive to particle size, decreasing from almost 1.4 to 0.8. For
coated BC with GMD (again, this refers to the GMD of the
BC core, not the total inhomogeneous particle) larger than
approximately 0.10 pm, coating would decrease the AAE of
fresh BC, and the coated BC gives AAE values compara-
ble (slightly smaller) to those of compact BC with GMD
larger than 0.13 um. Meanwhile, both those relatively small
AAE values obtained for compact and coated BC particles
can potentially explain observed small BC AAEs (Kirchstet-
ter et al., 2004; Arnott et al., 2005; Gyawali et al., 2012;
Chakrabary et al., 2013). The AAE of fresh BC with a GMD
of 0.2 um drops from approximately 1.05 to 0.8 after aging,
both of which are close to the observed values and coincident
with the changes (from 1.1 to about 0.8) of diesel soot from
Schnaiter et al. (2005), and the differences may be caused by
uncertainties in the RI or coating amount. Even with non-
absorptive coating material, the coating still amplifies BC
absorption and changes the BC AAE (C. Liu et al., 2017).
Considering the aging processes of BC aggregates, Fig. 6
shows that, for relatively large BC particles, both compact
and coated BC particles have smaller AAE than those of the
fresh BC with lacy particle structure. The coating amount,
structure or material may affect the absorption enhancement
at different particle sizes and then the AAE, and this study
considers a special but observation-based case. As a result,
the conclusion for the coated BC should be more carefully
tested for further applications.

The influences of particle RIs on the AAE are illustrated in
Fig. 7, and results for the fresh, compact and coated BC are
shown from top to bottom panels. Figure 7 considers only
wavelength-independent RIs. The left column is for BC par-
ticles with a fixed imaginary part of 0.6 but real parts of 1.6,
1.8, and 2.0, and the right column is for those with the same
real part (1.8) but different imaginary parts (0.4, 0.6, 0.8, and
1.0). The BC AAE increases as the real part increases or the
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Figure 6. AAEs of the fresh, compact and coated BC as a function
of the volume equivalent GMD of the BC particles (or BC core for
coated BC).

imaginary part decreases. Although the imaginary part of RI
is most directly related to particle absorption, real and imagi-
nary parts affect BC AAE to similar degrees. Again, the sen-
sitivity of BC AAE to its Rls is quite different for particles
with different geometries. The AAEs of the fresh BC are less
sensitive to RI and show a difference of <0.1 for the RIs we
considered. As the RI real part increases from 1.6 to 2.0, the
AAE of the compact BC increases by approximately 0.15,
and the changes reach as large as 0.3 for the BC imaginary
part between 0.4 and 1.0. However, after coating, the AAE
becomes less sensitive to the RI real part, but more sensitive
to the RI imaginary part. This means that, with the BC core
totally embedded within the non-absorptive coating, the ab-
sorption enhancement of coated BC is more sensitive to the
imaginary part of BC RI.

All previous studies used a wavelength-independent RI
over the entire spectrum, which may or may not be realistic
for BC particles in the atmosphere. As explained in Sect. 2.3,
parameters A and B are introduced to account for wavelength
variance of the real and imaginary parts of RI, respectively.
Because BC absorption increases as the real part of RI de-
creases or the imaginary part increases, it is simple to un-
derstand the influence of wavelength-dependent RIs on BC
AAE. With simple variations assumed for both RI real and
imaginary parts, it becomes possible to quantify the effects
of RI wavelength variations. Previous simulations have given
BC absorptions at some particular RI values (i.e., real part of
1.6, 1.8, and 2.0, and imaginary part of 0.4, 0.6, 0.8, and 1.0),
and, to save computational time, BC absorptions at other Rls
(which are obtained from Eqs. 4 and 5 with given A and B)
are approximated by interpolation among those existing re-
sults. By comparing with accurate MSTD results, we find
that the interpolation introduces relative errors of <1 % for
the absorption, which is accurate enough for the AAE simu-
lation.
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Figure 7. Influence of wavelength-independent refractive index on
the AAEs of the fresh BC (a, b), compact BC (¢, d), and coated
BC (e, f). A fixed imaginary part of 0.6 is used for panels (a, c, e),
and a fixed real part of 1.8 is used for panels (b, d, f).

Figure 8 illustrates the impacts of wavelength-dependent
RIs on BC AAE, and three rows correspond to results
for the fresh (top), compact (middle), and coated (bot-
tom) BC. Both A and B are assigned to change between
—0.5 and 0.5. Figure 8 considers two examples for the ref-
erence RI at the wavelength of 0.55um, ie., Re, 4+ Im,i
(1.840.6i and 1.8+ 0.8i), and they are marked by the
solid and dashed curves, respectively. Meanwhile, three BC
equivalent-volume diameter distributions with the GMDs of
0.05, 0.12, and 0.20 um are used, and visualized by the red,
blue, and green curves. As expected, the AAE increases as
A increases or B decreases, and quite different slopes are
shown in different panels. Quantitatively, the AAE of BC
with wavelength-dependent RIs for typical values of A =0.2
and B = —0.1 (Chang and Charalampopoulos, 1990; Krekov,
1993) would be approximately 0.15 larger than those with
a wavelength-independent RI, and it becomes more difficult
to understand the observed small BC AAE values (Kirch-
stetter et al., 2004; Gyawali et al., 2012). We focus on two
features illustrated by the figure, both of which will be used
later to decompose the influences of different BC properties
on AAE. First, for all cases, the AAEs show relatively lin-
ear variations as either A or B changes, and thus it becomes
easy to quantify the influence of wavelength-dependent RIs
on BC AAE. Secondly, different panels show very different
AAE variation (slope) over A or B, whereas, for each panel,
the slopes for different cases (i.e., different curves in a panel)
are relatively similar, which means that the influence of both
A and B is dependent only on particle geometry. Figure 8
only shows six special but typical cases (two Re, + Im,i by
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Figure 8. Influence of wavelength-dependent refractive indices on
the AAEs of the fresh BC (a), compact BC (b), and coated BC (c).

three GMDs), and more tests were carried out, which show
very similar results. Again, it should be noted that, due to the
neglect of the dependence on A and B values, these results
may overestimate the variability on AAE to some degree.

With all previous factors considered, it becomes possible
to decompose the influences of BC properties on AAE. The
BC properties show clearly monotonic influence on the AAE
but to varying degrees. BC morphology, the most complex
property parameterized by multiple parameters (e.g., fractal
parameters, coating parameters, and coating amount), can-
not be adequately represented by a single variable, whereas
it plays the most important and complex role in determin-
ing BC AAE. Thus, the morphology is considered indepen-
dently, and its influence can be considered with other param-
eters known. To be more specific, the relationships between
the BC AAE and the properties besides shape are simply ap-
proximated with linear equations for each BC geometry, and,
thus, the BC AAE is expressed by

AAE = AAE, + k; log oD
= 0
o TR0

+ k3 (Im, — 0.6), (6)

+ k2 (Re, — 1.8)

where GMD is given units of microns, and 0.12 ym can be
understood as the reference size. Considering the AAE varia-
tion over different variable, a logarithmic relationship is used
for the BC size, and the relationships related to RI are as-
sumed to be linear. The coefficients, from k; to k3, are fitted
to indicate the significance of the corresponding influence on
BC AAE. Because the influence of BC properties on AAE
for particles with different geometries is completely differ-
ent, we approximate the coefficients of the above equation
for the fresh, compact, and coated BC separately. The fitted

www.atmos-chem-phys.net/18/6259/2018/



C. Liu et al.: The absorption Angstriim exponent of black carbon 6269

coefficients are given in Table 2. The AAE, and three coef-
ficients (k1, k2, and k3) in the table are obtained by given the
smallest root-mean-square relative errors for all AAE values
calculated based on wavelength-independent RIs. The influ-
ence of BC properties on AAE are clearly demonstrated by
the coefficients in Table 2. Large absolute values mean to
have more significant influence on the AAE, and the positive
or negative sign indicates the sign of the correlation. The ef-
fects of RI wavelength dependence (i.e., A and B in Eqgs. 4
and 5), which have been shown in Fig. 8, are not included in
Eq. (6), because they are less quantitatively meaningful due
to the significant uncertainties on the dependence between A
and B.

To demonstrate the performance of the simple expresses
on approximating BC AAE, Fig. 9 compares BC AAEs from
accurate absorption simulations and Eq. (6). The left panel of
the figure shows the cases in which the approximations show
relatively accurate agreement with the simulations, whereas
some examples with relatively poor agreement are illustrated
in the right panel. It is clear that the results for the fresh BC
show the best agreement because of the relatively weak influ-
ence of particle size on the AAE. The relatively poor agree-
ments for the compact and coated BC are mainly because of
the nonlinear variation of the AAE on the GMD. The dif-
ferences between the accurate simulations (solid curved) and
the approximation (dashed lines) can reach slightly over 0.1
for small BC particles. However, considering that the BC are
widely observed or considered to have a GMD larger than
0.10 um, Fig. 9 indicates that the simple linear approximation
we obtained give a quite accurate estimation on BC AAE for
BC of the three types.

Our results obtained here indicate that BC microphysical
properties have a clear influence on BC AAE, and the in-
fluence can be quantitatively understood by Eq. (6) and the
coefficients listed in Table 2. Considering the obvious varia-
tions obtained for BC particle sizes and geometries and the
uncertainties on its RI, it is impossible to find a “best” AAE
value for all BC aerosols. However, a range of reasonable
AAE values can be obtained based on the observations of BC
properties and the numerical results. For fresh BC, the AAEs
are approximately 1.05, and aging causes AAE of typically
sized BC particles to decrease by approximately 0.15 to 0.90.
Furthermore, wavelength-dependent RIs make the case much
more complicated and give wider ranges of the BC AAE. For
coated BC particles, the absorption can also be significantly
affected by chemical composition, amount, and geometry of
mixing material (Li et al., 2016), and this study introduces
a laboratory-based coating amount distribution to reveal the
significant effects of coating on BC AAE. With the help of
Eq. (6), the BC AAE can be easily calculated if its properties
(shape, size, and RI) are known.
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Table 2. Fitted coefficients to show the sensitivities of BC properties
on AAE values. Two significant figures are kept for all coefficients.

AAE, k1 ko k3
Fresh BC 1.05 —-0.04 024 —-0.13
Compact BC 0.90 -03 040 -042
Coated BC 0.95 -05 020 -054
15 15
\ —Fresh, 2.0+0.8i —Fresh, 1.6+1.0i
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Figure 9. Comparison between the AAEs given by accurate numer-
ical simulations (solid curves) and those approximated by Eq. (6)
and the corresponding coefficients in Table 2 (dashed curves).

4 Summary and conclusions

We have numerically investigated the AAE of BC aerosols
of three states in the atmosphere, i.e., fresh, compact, and
coated ones. The numerical computations conducted here
have multiple controllable variables (such as BC size distri-
bution) that all effect BC AAE, and we attempted to con-
strain these variables within the realistic ranges as deter-
mined by observation-based studies. The MSTM was used
to accurately compute the light absorption of non-spherical
particles, and the numerical results were analyzed to better
understand the BC AAE values in relation to the controllable
variables.

The results challenge conventional beliefs. With a
wavelength-independent refractive index, our accurate nu-
merical results show typical BC AAE values of 1.05 and
0.90, instead of 1.0, for fresh and aged BC particles respec-
tively. In reality as revealed by many observational studies,
the BC refractive index likely has sizable wavelength depen-
dence, and BC is often coated by non-BC aerosol materials.
In these cases, BC AAE can even move beyond a range of
0.5-1.5. As a result, using a flat value of 1.0 for BC AAE
could very likely introduce significant errors in aerosol ab-
sorption analysis studies.

Our results demonstrate that BC particle shape is the most
influential factor in determining BC AAE. The AAE of fresh
BC in the form of lacy aggregate is less sensitive to parti-
cle size, whereas, after aging processes, the AAE of BC with
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compact or coated structures may significantly decreases as
particle size increases. As the most uncertain particle prop-
erty, the refractive index cannot be directly measured and
thus becomes the most significant challenge in determining
BC AAE. To quantify the complicated influences of different
BC parameters on AAE, linear approximations for BC AAEs
in different conditions were obtained here. Our results clearly
demonstrate the importance of various parameters on the BC
AAE and the errors of assuming BC AAE as 1.0. However,
caution should be taken in interpreting our results as a com-
prehensive guide or absolute reference, because the closure
studies between numerical models and observations on BC
properties can be relatively poor (Bond and Bergstrom, 2006;
Radney et al., 2014).
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