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Abstract. Methods based on the absorption Ångström exponent (AAE) are widely used to estimate the absorp-
tion by brown carbon (BrC), and the estimated absorption by BrC can be significantly different from 0, even for
pure black carbon (BC). However, few studies have systematically quantified the effects of BC microphysical
properties. Moreover, the conditions under which AAE-based methods are applicable are still unclear. In this
work, we used BC models partially coated with non-absorbing materials to calculate the total absorption. Since
the total absorption is entirely due to BC, the estimated BrC absorption should be 0 if the retrieval methods are
accurate. Thus, the ratio of the estimated BrC absorption to BC absorption (ABSBrC) should be the proportion
of the BC absorption that is incorrectly attributed to BrC. The results show that a BC AAE of 1 can gener-
ally provide reasonable estimates for freshly emitted BC, since ABSBrC is generally in the range of −4.8 % to
2.7 % during that period. However, when BC aerosols are aged, ABSBrC can sometimes reach about 38.7 %.
The wavelength dependence of the AAE (WDA) method does not necessarily improve the estimates; sometimes
a negative ABSBrC of about −40.8 % is found for partially coated BC. By combining simulations of a global
chemical transport model, this work also quantified the effects of BC microphysical properties on BrC global
aerosol absorption optical depth (AAOD) estimates. The AAE= 1 method sometimes leads to a misassigned
global mean AAOD of about −0.43–0.46× 10−3 if the BC aerosols have a complex morphology. The WDA
method does not necessarily improve the estimates. In our cases, the WDA methods based on spherical models
could lead to a global-mean misassigned AAOD range of about −0.87–0.04× 10−3. At the regional scale, the
AAE= 1 method sometimes leads to a distributed AAOD of about −7.3 to 5.7× 10−3 in some specific regions.
Mie-theory-based WDA methods lead to an estimated AAOD error of about −22× 10−3 in some regions (e.g.,
East Asia). This work also showed that the misattributed BrC absorption would lead to substantial uncertainties
in the estimation of the global direct radiative forcing (DRF) of absorbing aerosols from different sources.
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1 Introduction

Carbonaceous aerosols are a major contributor to climate
change (Bond et al., 2013; Myhre et al., 2013). Black car-
bon (BC) and organic carbon (OC) are the most important
carbonaceous aerosols in the atmosphere. The most impor-
tant absorbing aerosol in the atmosphere, BC, significantly
absorbs solar radiation ranging from ultraviolet (UV) to near-
infrared (NIR) wavelengths (Cross et al., 2010; Petzold and
Schönlinner, 2004; Bond and Bergstrom, 2006). Even when
its mass fraction of the total atmospheric aerosols is small,
the radiative effects of BC are quite significant due to its high
absorption, which greatly enhances global warming (Zhang
and Wang, 2011; Bond et al., 2013; Matsui et al., 2018). In
contrast, OC was initially considered to be merely a scatter-
ing agent that has a cooling effect on the Earth–atmosphere
system (Wang et al., 2016). However, recent studies have
shown that some OC aerosols also absorb light ranging
from UV to visible wavelengths (Kirchstetter et al., 2004;
Chakrabarty et al., 2010; Chen and Bond, 2010). These OC
aerosols are known as brown carbon (BrC) (Andreae and Ge-
lencsér, 2006; Laskin et al., 2015). Recent studies have also
shown that BrC also exerts considerable positive radiative
forcing (Zeng et al., 2020b; Feng et al., 2013). In some spe-
cific regions, the direct radiative effect of BrC is even compa-
rable to that of BC (A. Zhang et al., 2020). Therefore, under-
standing BrC absorption is important when studying global
climate change.

However, our understanding of BrC absorption is still
quite limited. BrC strongly absorbs light in the UV region,
while its absorption strongly decreases with increasing wave-
length from the UV region to the visible region (Hecobian
et al., 2010; Kirchstetter et al., 2004; Chakrabarty et al.,
2010; Chen and Bond, 2010; Bahadur et al., 2012). Filter
samples in laboratory measurements are the main method
for measuring the absorption characteristics of BrC (Chen
and Bond, 2010; Xie et al., 2019). Based on laboratory stud-
ies, previous studies have shown that the mass cross section
(MAC) of BrC varies over a wide range and that the values
reported in different studies are different (Dasari et al., 2019;
Kirillova et al., 2016). The reasons for the large uncertain-
ties are mainly that the samples are from different regions
and were obtained under different measurement conditions.
Compared with BC, the absorption by BrC is subject to larger
uncertainties as it depends on the type of fuel combusted, the
combustion conditions, the aging conditions, etc. Therefore,
it is difficult to make accurate estimates of BrC absorption
based on laboratory measurements under the range of condi-
tions applicable globally because it is unrealistic to perform
filter sampling under all conditions. Numerical modeling is
another effective tool for estimating BrC absorption. How-
ever, modeling is usually based on prior knowledge from
laboratory measurements, which varies depending on the re-
gion, weather conditions, aging conditions, etc. Therefore,

even with modeling, it is difficult to always provide accurate
estimates.

Remote sensing can provide regional/global measure-
ments and is an effective complementary method to address
the above issues. Recently, researchers have attempted to de-
rive the absorption by BrC based on the absorption of mul-
tiple wavelengths from remote sensing (Arola et al., 2011;
Tesche et al., 2011; Wang et al., 2016). Ground-based remote
sensing, such as the Aerosol Robotic Network (AERONET)
(Holben et al., 1998; Giles et al., 2019), could provide mea-
surements of the temporal aerosol absorption optical depth
(AAOD) on a global scale (Shaw, 1983; Shin et al., 2019). In
addition, polarimetric satellite measurements have also been
used to determine the AAOD (Dubovik et al., 2011, 2014).
With the increasing number of satellites, it is expected that
absorbing aerosols could be detected in real time on a global
scale in the future through the cooperation of satellite con-
stellations. However, the absorption derived from remote
sensing is that due to the mixture of different absorbing
aerosols. Dust, BrC, and BC are the main absorbing aerosols
in the atmosphere, and we usually need to separate out the
contributions of dust and BC to study the absorption by BrC.
Since dust particles are usually aerosols of a large size, we
can determine the contribution of dust based on size infor-
mation. Specifically, the scattering and extinction Ångström
exponents can be used to infer the size information, and they
were used in previous studies to separate dust from BC and
BrC (Cazorla et al., 2013; Russell et al., 2010; Cappa et al.,
2016). However, both BC and BrC are fine aerosols, and it is
difficult to separate them based on size information alone.

An effective technique for separating out the contribution
of BC is based on the different spectral absorption depen-
dences of BC and BrC (Wang et al., 2016, 2018; Russell
et al., 2010; Chung et al., 2012). The absorption by BrC is
generally very weak at long visible wavelengths and in the
NIR, and it has been generally assumed that the total absorp-
tion is entirely to due to BC (Wang et al., 2016; Luo et al.,
2021c). Since the spectral dependence of the absorption by
BC is subject to relatively small uncertainties, the absorption
by BC in the UV region can be derived from the absorption
in the long visible and NIR regions. Then, the absorption by
BrC in the UV region can be estimated from the difference
between the total absorption and the BC absorption. At two
reference wavelengths (λ1, λ2), the spectral dependence of
absorption is generally represented by a parameter termed
the absorption Ångström exponent (AAE), defined as

AAE=−
ln(babs(λ1))− ln(babs(λ2))

ln(λ1)− ln(λ2)
, (1)

where babs(λ1) and babs(λ2) are the absorption coefficients at
λ1 and λ2, respectively.

Using the BC AAE value, the absorption by BC in the UV
region can be estimated based on the absorption at NIR wave-
lengths. When estimating the absorption by BrC, a BC AAE
of 1 has often been used, but more recent studies based on
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measurements and simulations have shown a wide range of
AAE values (Schnaiter et al., 2005; Lack and Cappa, 2010;
Li et al., 2016; Liu et al., 2018). Therefore, the use of a
BC AAE of 1 may not always provide accurate estimates.
To correct the AAE= 1 method, Wang et al. (2016) pro-
posed that the wavelength dependence of the AAE (WDA)
should be used to improve the estimates. In their studies, the
WDA was calculated using Mie theory, which assumes that
the morphology of BC is spherical. However, in the atmo-
sphere, BC exhibits a rather complex morphology. Luo et al.
(2021c) have shown that the WDA method does not neces-
sarily lead to better estimates when BC has a complex mor-
phology. Thus, the estimation of BrC based on absorption
measurements at multiple wavelengths suffers from uncer-
tainties in BC properties.

It is well known that the AAE method does not provide
accurate results. However, there is a lack of understanding
of the uncertainties caused by the microphysical properties
of BC. Using morphologically realistic models, Luo et al.
(2021c) showed that the estimates from BrC-based AAE
methods are significantly affected by the morphology of BC,
but they did not investigate how the uncertainties are affected
by BC microphysical properties. Moreover, in their work,
only single particles are considered, while bulk particles exist
in the atmosphere. In this work, we attempt to systematically
quantify the impact of BC microphysical properties on the
estimates of BrC-based AAE methods. We focus on answer-
ing the following questions:

– How large are the uncertainties caused by BC micro-
physical properties in the estimation of BrC?

– How do the microphysical properties of BC affect esti-
mates of BrC?

– What are the implications for estimates of BrC on a
global scale?

To answer the above questions, we generated some “realis-
tic” BC aerosols based on partially coated models and then
estimated the fraction of absorption by BC incorrectly at-
tributed to BrC (ABSBrC) using different AAE methods and
investigated the effects of BC microphysical properties on
ABSBrC. Finally, assuming a typical size distribution, we in-
vestigated the global distribution of BC AAOD misattributed
to BrC for different BC morphologies and mixing states
based on a global chemical transport model, the Goddard
Earth Observing System with Chemistry (GEOS-Chem). Our
study can improve the understanding of uncertainties in the
estimation of BrC based on absorption measurements at mul-
tiple wavelengths.

2 Estimating the BrC absorption

2.1 BC morphological model

When calculating the optical properties, the shape of BC
was largely assumed to be spherical, so we could calculate
the optical properties using Mie theory (Mie, 1908; Lack
and Cappa, 2010; Bao et al., 2019). However, BC in the at-
mosphere usually has a rather complex morphology (China
et al., 2015; Adachi et al., 2010; Yuan et al., 2019; Wang
et al., 2017; Luo et al., 2021a). When BC is freshly emitted,
the morphology is usually chain-like and consists of numer-
ous spherical particles (Sorensen, 2001, 2011). Researchers
have often used the fractal law to describe the morphology:
(Sorensen, 2001; Heinson et al., 2017; Luo et al., 2021a, b):

Ns = k0(
Rg

R
)Df , (2)

where Ns is the number of spherical monomers; k0 and Df
are two parameters representing the symmetry and compact-
ness of the BC aggregates and are called the fractal prefactor
and fractal dimension, respectively; and R and Rg represent
the radius of the small particles and the gyration radius, re-
spectively.
Df is often used to describe the compactness of BC (Liu

and Mishchenko, 2005; Radney et al., 2014). BC generally
exhibits a fluffy morphology when emitted into the atmo-
sphere. Previous studies have shown that a small Df can
strongly affect the morphology of BC. For BC aerosols from
biomass combustion, a Df range of 1.67–1.83 was observed
(Chakrabarty et al., 2006); BC aerosols from vehicle emis-
sions showed a Df range of 1.52–1.94 (China et al., 2014);
and Wentzel et al. (2003) showed a Df of 1.6–1.9 for fresh
BC from vehicle emissions. From a robotics perspective,
previous studies have shown that simulations based on the
diffusion-limited cluster-cluster aggregation (DLCA) algo-
rithm can explain the measurements well, and a universal
Df of about 1.8 was obtained by the simulations (Sorensen,
2001; Dhaubhadel et al., 2006). Therefore, we used a Df of
1.8 to represent the fluffy BC.

With atmospheric aging, BC can be reconstructed into a
condensed structure (Lack et al., 2014; Zhang et al., 2008;
Bhandari et al., 2019). In many studies, a larger Df was used
to represent the compact BC (Liu et al., 2017; Luo et al.,
2018, 2019). Previous studies have shown that the Df of
aged BC can sometimes reach about 2.3–2.6 (Adachi et al.,
2010, 2007; Chen et al., 2016), and we used a Df of 2.6
to represent compact BC. At the same time, the surface of
black carbon is covered with other materials, which makes
the morphology more complex (China et al., 2013; Pang
et al., 2023, 2022; Wang et al., 2021). In the atmosphere,
some BC cores are fully coated while others are partially
coated. Both the fluffy BC and the compact BC may be par-
tially coated, while the fully coated BC generally has a com-
pact BC core due to the condensation of the coating materi-
als. Therefore, we assumed the following cases for aged BC
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aerosols: (1) fluffy BC cores partially coated with other ma-
terials; (2) compact BC without coating materials; (3) com-
pact BC partially coated with other materials; (4) compact
BC fully coated with other materials. It should be noted that
BC with thicker coating materials becomes compact more
easily, so we assumed a Df of 2.6 for the fully coated BC.

The DLCA algorithm was developed to characterize the
morphology of fresh BC, and the aggregates generated gen-
erally have a Df of about 1.8 and a k0 of about 1.3 (Sorensen
and Roberts, 1997; Heinson et al., 2010, 2017, 2018). How-
ever, the DLCA algorithm is not able to characterize the mor-
pology of the aged BC with a compact structure. Since the
fractal structure is well described by Eq. (2), tunable algo-
rithms based on Eq. (2) were developed to replace DLCA.
Compared to the DLCA algorithm, the tunable algorithms
are parametrically adjustable (k0 andDf are fully adjustable)
(Filippov et al., 2000; Skorupski et al., 2014; Moran et al.,
2019). Although the tunable algorithm does not provide
physical explanations of how the morphologies are gener-
ated exactly like DLCA, it can represent the DLCA aggre-
gate by setting k0 = 1.3 andDf = 1.8. Moreover, the tunable
algorithm can represent more compact BC with a larger Df.
Therefore, we used a tunable algorithm developed by Woź-
niak (2012) to generate the uncoated BC cores.

After the BC cores were generated, we added the coat-
ing materials onto the surfaces of the BC cores. Similar to
previous studies (Zhang et al., 2018; Luo et al., 2018; Liu
et al., 2017), we adopted a spherical coating structure for
coated BC. It should be noted that coating materials that are
much more complex than the spherical structure used here
can be observed in the atmosphere. However, as previous
studies have shown, the absorption by coated BC is signif-
icantly affected by the “lensing effect”, which largely de-
pends on the fraction of the BC core that is coated. Com-
pared with the fraction of the BC core that is coated (F ), the
effects of the coating structure on the absorption by BC are
relatively small. Therefore, we only consider the F for a par-
tially coated model with a spherical coating structure; com-
plex coating structures were not considered in this work. The
effects of the coating structure have been studied elsewhere
(Luo et al., 2019).

The spherical coating materials were generated similarly
to the method used in Zhang et al. (2018). F was calculated
using the following equation:

F =
VBC inside

VBC
, (3)

where VBC inside represents the volume of BC cores that are
coated and VBC is the volume of total BC cores.

Once the BC volume fraction (fBC) and F are known,
we can determine the radius of the spherical coating. Then
the BC cores are moved from side to side until the given
F is reached, similar to Zhang et al. (2018). It should be
noted that the motion leads to an overlap of the BC core
and the coating sphere, and their optical properties cannot be

Figure 1. Typical BC morphologies assumed in this work, which
are similar to those in Luo et al. (2023). We used a Df of 1.8 and
2.6 to represent fluffy BC and compact BC, respectively. Moreover,
F = 0 means that BC is not internally mixed with coating materials,
while BC is gradually partially coated with other materials as F
increases. F = 1 means that BC is completely coated.

calculated by some efficient numerical methods such as the
multiple sphere T-matrix (MSTM) method (Mackowski and
Mishchenko, 2011; Mackowski, 2022), which is only appli-
cable for multiple spheres without any overlap. For efficient
calculations, we moved the overlapping BC sphere cores out-
side the coating sphere, similar to Zhang et al. (2018), and
the movement did not affect the optical properties of coated
BC significantly (Liu et al., 2017). Typical BC morpholo-
gies are shown in Fig. 1. Since we only consider spherical
coating structures in this work, it is difficult to construct a
fluffy shape model with large F and small coating thickness.
Therefore, we only consider an F range of 0 to 0.3 for fluffy
BC. However, we assume that the presence of BC with a large
F would not change the main results of this work.

2.2 The calculations of BC absorption

Similar to our previous study (Luo et al., 2018), the absorp-
tion cross sections (Cabs) of individual BC particles were cal-
culated by the MSTM method, which can be used to calcu-
late the optical properties of spheres that do not overlap. It
has been reported that the refractive index of BC varies with
wavelength (Chang and Charalampopoulos, 1990), while it
is generally known that it does not vary significantly from
visible to near-infrared wavelengths (Bond and Bergstrom,
2006). Therefore, a fixed BC refractive index of 1.95+0.79i
was assumed according to the suggestions of Bond and
Bergstrom (2006). BrC aerosols consist of organic carbon
that absorbs light ranging from UV to visible wavelengths.
Therefore, the coating shell was assumed to be organic car-
bon, and the refractive index was taken to be 1.55 (Bond and
Bergstrom, 2006). It should be noted that the imaginary part
of BrC should not be 0 in principle. However, in this work,
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we were mainly concerned with studying the absorption by
nonabsorbing aerosols mixed with BC which is erroneously
attributed to BrC, so we considered only one nonabsorbing
shell. The details are presented in the following sections.

Once the BC structures were generated and the refractive
index was specified, the MSTM method was used to calcu-
late the absorption by each BC particle. The MSTM method
directly outputs an effective absorption efficiency (Qabs),
which is defined in terms of the volume mean radius. The
absorption cross section (Cabs) can be calculated as

Cabs =Qabsπr
2
v , (4)

where rv represents the mean volume radius.
Numerous BC aerosols exist in the atmosphere, and the

optical properties of BC should be the average properties
over all the particles. Thus, we calculated the bulk optical
properties by assuming different size distributions. Assum-
ing a lognormal distribution for the size distribution of BC
cores, we have

n(rv)=
1

√
2πrvln(σg)

exp

−( ln(rv)− ln(rg)
√

2ln(σg)

)2
 , (5)

where rg and σg are the geometric mean radius and geometric
standard deviation, respectively.

We first calculated the Cabs of BC with different Ns (i.e.,
different rv) values, and then we calculated the absorption
coefficient (babs) using

babs =

∫ rmax

rmin

Ccabs(rv)n(rv)drv , (6)

where rmax and rmin are the maximum radius and minimum
radius of the BC cores, respectively.

The rg and σg values reported in this work are for the BC
cores and can be determined using some single particle mea-
surement instruments such as the soot particle photodiam-
eter (SP2) (Moteki et al., 2007; Baumgardner et al., 2004;
Schwarz et al., 2006). Many measurements were based on
single-particle technologies, and different rg and σg values
were observed in different regions. BC particles in Tokyo
were observed to have a geometric mean radius (rg) of about
0.032±0.003 µm and a geometric standard deviation (σg) of
1.66± 0.12 (Kondo et al., 2011). However, Shiraiwa et al.
(2008) showed that the rg and σg of BC in Fukue, Japan, are
0.095–0.105 µm and 1.45–1.55, respectively. In Shanghai, an
rg of about 0.1 µm (Gong et al., 2016) was observed for BC.
In general, small BC particles are easier to fully coat, so a
partially coated BC particle usually has a large size. There-
fore, we mainly calculated the optical properties of relatively
large BC particles.Ns values of 5–1000 were considered, and
the corresponding rmin and rmax are 0.0342 and 0.2 µm, re-
spectively. An rg of 0.05–0.1 µm was assumed, and σg was
assumed to be in the range of 1.3 to 2.0.

2.3 Inferring the fractions of BrC absorption

We estimated the absorption by BC which was incorrectly
attributed to BrC after calculating the BC absorption. In
AERONET, the wavelengths 440, 675, and 870 nm were
most commonly used to estimate the BrC absorption, and so
we mainly considered these three wavelengths. At 675 and
870 nm, all of the absorption was assumed to be entirely due
to BC. The babs of BC at 440 nm can be determined as fol-
lows:

babs_BC_440_Estimated = babs_BC_λ(
440
λ

)−AAEλ_440 , (7)

where AAEλ_440 represents the AAE of BC for the wave-
length pair of λ and 440 nm; λ represents the wavelength 870
or 675 nm.

The babs of BrC at 440 nm can be estimated using

babs_BrC_440_Estimated = babs_440_total

− babs_BC_440_Estimated = babs_BC_440+ babs_BrC_440

− babs_BC_440_Estimated , (8)

where babs_BrC_440_Estimated and babs_440_total represent the
estimated BrC absorption coefficient and the total absorp-
tion coefficient at 440 nm, respectively. babs_BC_440 and
babs_BrC_440 represent the “true” BC and BrC absorption co-
efficients at 440 nm, respectively. Thus, the absorption coef-
ficient of BC which is incorrectly attributed to BrC can be
calculated as follows:

1BrC = babs_BrC_440− babs_BrC_440_Estimated

= babs_BC_440_Estimated− babs_BC_440 . (9)

Then we calculated the proportion of wrongly assigned ab-
sorption with

ABSBrC =
1BrC

babs_BC_440
=
babs_BC_440_Estimated

babs_BC_440
− 1. (10)

The WDA method is similar to the fixed AAE methods, but
the AAEs are inferred from Mie theory:

WDA= AAE440_870_Mie−AAE675_870_Mie , (11)

where the subscript “Mie” indicates that the AAE was cal-
culated using Mie theory. Thus, we can estimate AAE440_870
based on the WDA:

AAE440_870 = AAE675_870+WDA. (12)

In this work, ABSBrC was retrieved from the absorption by
BC. Consequently, any deviations from ABSBrC = 0 sug-
gest an uncertainty in BrC estimation. The present work was
based solely on modeling, and no measurements were used.
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2.4 Calculating the global BC absorption

We used a global atmospheric chemical transport model,
GEOS-Chem (Bey et al., 2001; Eastham et al., 2018), to sim-
ulate the global distribution of BC. For this work, GEOS-
Chem version 12.7 was used with a latitude/longitude grid
resolution of 4◦× 5◦. The MERRA-2 (the second Modern-
Era Retrospective analysis for Research and Applications)
assimilated meteorology (Molod et al., 2015; Gelaro et al.,
2017) was used for the GEOS-Chem model simulations. The
model was built with 47 vertical layers. We ran a standard
GEOS-Chem simulation with various aerosols such as dust,
organic aerosols, BC, sulfate, sea salt, etc. The Community
Emissions Data System (CEDS) (Hoesly et al., 2018) in-
ventory provided the global anthropogenic emissions. The
Global Fire Emissions Database (GFED4) inventory (Ran-
derson et al., 2018) was used to obtain the emissions from
biomass burning. Biogenic emissions were obtained from
the Model of Emissions of Gases and Aerosols from Nature
version 2.1 (MEGAN 2.1) (Guenther et al., 2012). We used
GEOS-Chem to simulate black carbon concentrations for all
of 2016 and then took the time average.

The BC AAOD in each GEOS-Chem grid was calculated
using

AAODBC =MACBC×CBC_column , (13)

where CBC_column is the column mass concentration of BC;
MACBC represents the mass cross section of coated BC that
can be calculated with

MACBC =
babs

mBC
, (14)

where mBC represents the mass distribution of BC cores,
which can be calculated with

mBC =

∫ rmax

rmin

ρBC4πr3
vn(rv)

3
drv , (15)

where ρBC represents the mass density of BC. Bond and
Bergstrom (2006) used a ρBC of 1.8 g m−3. However, most
modeling studies have underestimated the proposed MAC of
7.5± 1.2 m2 g−1 at 550 nm by using the proposed ρBC. Sim-
ilar to Luo et al. (2018), we used a ρBC of 1.5 to fit the MAC
measurements.

The global AAOD of BC incorrectly attributed to BrC can
be determined using the following method:

AAODBrC = AAODBC×ABSBrC . (16)

In addition to the AAOD, the direct radiative forcing (DRF)
is also commonly used to assess climate effects. In this work,
the DRF was also estimated using a simple method. Based on
the values given in Bond et al. (2013), Kelesidis et al. (2022)
proposed that an average absorption forcing efficiency of
170± 43 Wm−2/AAOD should be used. Similar to Kelesidis

et al. (2022), the DRF was estimated by multiplying the esti-
mated AAOD by 170±43 Wm−2/AAOD. Similarly, the mis-
assigned DRF was also estimated by multiplying the misas-
signed AAOD by 170± 43 Wm−2/AAOD.

3 Results

3.1 The effects of BC microphysical properties on the
fixed AAE method

Figure 2 shows the effects of the shell diameter to core di-
ameter ratio (Dp/Dc). The error bars in the figures repre-
sent the upper and lower limits when rg is varied in the
range of 0.05–0.1 µm and σg is varied in the range of 1.5–
1.8. Since BC aerosols are freshly emitted, they are fluffy
and not mixed with the coating materials. Our cases where
Df = 1.8 and F = 0 may reflect freshly emitted BC. Previ-
ous studies have shown that the AAE of freshly emitted BC
is not significantly different from 1 (Liu et al., 2018; Luo
et al., 2020). Thus, using AAE440_675 = 1 and AAE440_870 =

1 can provide reasonable estimates of BrC absorption for
freshly emitted BC, and the estimated ABSBrC is not signifi-
cantly different from 0 whenDp/Dc < 2.15. As shown in Ta-
ble 1, the estimated ABSBrC values based on different AAE
wavelength pairs show some differences. The AAE440_870
= 1 method generally gives a larger range of ABSBrC than
AAE440_675 = 1 does. This could be due to the larger wave-
length gap between 440 and 870 nm. ABSBrC ranges from
about −2.8 % to 2.5 % when Dp/Dc < is 2.15 and the
AAE440_675 = 1 method is used, while this range becomes
about −4.8 %–2.7 % when the AAE440_870 = 1 method is
used. As the number of coating materials increases, BC
AAE may gradually deviate from 1 due to the shielding
effect of heavy coatings. Thus, a broader ABSBrC range
of about −16.3 % to −5.2 % is obtained when Dp/Dc in-
creases to 4.64 and the AAE440_675 = 1 method is used. A
wider range is also observed when AAE440_870 = 1. ABSBrC
ranges from about −32 % to −6.9 % when Dp/Dc = 4.64
and the AAE440_870 = 1 method is used.

The bare, fluffy BC aggregates are gradually coated by
other materials with atmospheric aging, so BC with a larger
F represents more aged particles. Since the BC aggregates
are partially coated, ABSBrC also gradually deviates from 0
for the fluffy BC aggregates. As shown in Fig. 2 and Table 1,
the increase in F can lead to a wider range of ABSBrC. With
a Df of 1.8, an F of 0.1, and a Dp/Dc of less than 2.15,
ABSBrC varies in the range of about −6.3 %–10.4 % and
−11.2 %–9 % when AAE440_675 = 1 and AAE440_870 = 1,
respectively. The ranges become −18 % to −4.71 % and
−22.8 % to −6.9 %, respectively, when Dp/Dc is 4.64. The
ABSBrC range becomes larger as F increases to 0.3. An
ABSBrC range of −34.5 %–21.2 % can be found for BC
with a Df of 1.8 and an F of 0.3 when assuming an AAE
of 1. When the BC aggregates are partially coated, the
ABSBrC is generally smaller than 0 when Dp/Dc is larger
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Table 1. ABSBrC (%) values estimated for different Dp/Dc values using the AAE= 1 methods, as also shown in Fig. 2.

Method F Df Dp/Dc = 1.49 Dp/Dc = 1.71 Dp/Dc = 2.15 Dp/Dc = 2.71 Dp/Dc = 4.64

Using AAE440_675 = 1

F = 0 Df = 1.8 −2.81–1.84 −2.19–2.38 −1.39–2.52 0.64–4.07 −16.28 to −5.17
F = 0.1 Df = 1.8 – 0.75–10.38 −6.25–2.07 0.98–15.58 −17.17 to −4.71
F = 0.3 Df = 1.8 – – – −4.12–21.18 −23.61 to −5.95
F = 0 Df = 2.6 0.10–11.75 0.75–10.38 5.66–13.09 −13.51–4.75 −9.68–11.77
F = 0.1 Df = 2.6 0.26–6.70 −0.65–4.13 −6.95–10.10 −4.73–11.54 3.16–20.57
F = 0.3 Df = 2.6 −4.61–1.10 −6.30 to −0.48 −6.74–6.07 −3.81–18.75 9.42–19.19

Using AAE440_870 = 1

F = 0 Df = 1.8 −4.78–1.96 −4.21–2.05 −3.09–2.65 −9.78–2.00 −32.00 to −6.93
F = 0.1 Df = 1.8 – 0.22–8.96 −11.23–0.10 −8.08–9.03 −22.82 to −6.87
F = 0.3 Df = 1.8 – – – −16.32–7.13 −34.53 to −12.00
F = 0 Df = 2.6 −5.76–10.48 0.22–8.96 6.84–17.35 0.01–17.39 6.04–20.93
F = 0.1 Df = 2.6 −1.19–11.63 −0.79–14.59 3.02–25.46 6.18–27.46 16.22 to −6.87
F = 0.3 Df = 2.6 −8.08–5.00 −7.21–11.05 −4.39–19.46 6.85–37.92 12.34–38.70

Figure 2. ABSBrC values estimated for different Dp/Dc values using the AAE= 1 methods. The error bars in the figures represent the
upper and lower limits when rg is varied in the range of 0.05–0.1 µm and σg is varied in the range of 1.5–1.8. When freshly emitted, BC
generally exhibits a fluffy structure and is not internally mixed with coating materials, as reflected by an F of 0 and a Df of 1.8. However,
with increasing atmospheric aging, BC gradually becomes internally mixed with coating materials and thicker coating materials are overlaid
on the BC, which may be reflected in a larger F and Dp/Dc. Moreover, the BC structure becomes more compact as the particles age, and
we used a large Df value to represent the compact BC.

(e.g., Dp/Dc = 4.64) and BC has a fluffy structure, whereas
ABSBrC can be larger than 0 whenDp/Dc is small. This phe-
nomenon may be due to the different effects of the coating
ratio on AAE. When Dp/Dc is small, the AAE is generally
small and can sometimes be less than 1 (X. Zhang et al.,
2020; Luo et al., 2023; Liu et al., 2018). Therefore, assuming
an AAE of 1 may overestimate the real AAE, so an ABSBrC
of greater than 0 can be observed. On the other hand, the
AAE increases with Dp/Dc when BC has a fluffy structure.
Thus, the AAE can be greater than 1 when the fluffy BC is
partially coated with a thick coating (X. Zhang et al., 2020;

Luo et al., 2023). This would result in the predicted BC ab-
sorption coefficient being greater than the actual BC absorp-
tion coefficient, resulting in an ABSBrC of less than 0. For a
Df of 1.8, Luo et al. (2023) have shown that the AAE440_870
of partially coated BC generally first decreases with increas-
ing Dp/Dc and then increases when Dp/Dc is greater than
a certain value. The opposite phenomenon is observed for
ABSBrC. For BC with a Df of 1.8, the ABSBrC of partially
coated BC generally first increases with increasing Dp/Dc
and then decreases when Dp/Dc is greater than 2.71.
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Figure 3. The variation in ABSBrC (%, estimated based on a fixed AAE) as a function of AAE and rg, where the wavelength pair are 440 and
675 nm. We can see that ABSBrC increases with rg when AAE is fixed for fluffy BC, which is caused by a decrease in AAE with increasing
rg for fluffy BC. However, sometimes the opposite phenomenon can be seen for the compact BC.

Figure 4. Similar to Fig. 3, but the wavelength pair are 440 and 870 nm.

With atmospheric aging, the BC cores are reconstructed
into a more compact structure. We used a larger Df (Df =

2.6) to represent the compact BC. Even with F = 0, a Df
of 2.6 represents the highly aged BC. By comparing BC
with a fluffy structure to BC with a compact structure, we
can see the effects of atmospheric aging on the estima-
tion of BrC absorption in more detail. As the BC cores
are reconstructed into a compact structure, the AAE= 1
method provides inaccurate estimations even when F = 0
and Dp/Dc < 2.15. As shown in Fig. 2 and Table 1, with

a Df of 2.6 and an F of 0, ABSBrC varies in the range of ap-
proximately −13.5 %–13.1 % and −5.8 %–20.9 % when us-
ing AAE440_675 = 1 and AAE440_870 = 1, respectively. Also,
larger deviations of ABSBrC from 0 can be observed as F
increases, and ABSBrC can sometimes increase to approxi-
mately 20.6 % when using AAE440_675 = 1 and to approxi-
mately 38.7 % when using AAE440_870 = 1. Different from
the cases where Df = 1.8, most cases in which BC has a Df
of 2.6 exhibit an ABSBrC of larger than 0. The reason for this
is that compact BC generally exhibits a small AAE which
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is generally less than 1 (Luo et al., 2023; Liu et al., 2018).
Also, in most cases, the ABSBrC of BC with a compact struc-
ture increases with increasing Dp/Dc. This can be explained
by the findings in a previous study. Luo et al. (2023) have
shown that AAE440_870 generally decreases with increasing
Dp/Dc, which leads to an increase in ABSBrC with Dp/Dc.

Because the AAE= 1 method would provide inaccurate
estimates, many researchers have attempted to use a differ-
ent AAE value to estimate BrC. For example, Zhang et al.
(2019) used a BC AAE of 0.7 in the Pearl River Delta re-
gion, China; Rathod and Sahu (2022) suggested using a BC
AAE of 1.1± 0.05. However, the BC AAE is subject to large
uncertainties from differences between regions, age statuses,
burn sources, etc. Moreover, the BC AAE is not constant in
the same region, and it varies with time as the microphysical
properties of BC vary with atmospheric aging. Figures 3–4
show how the microscopic properties of BC affect the appli-
cation of the different values. As can be seen from Figs. 3–4,
there is no fixed AAE value that is applicable to all cases. In
general, ABSBrC is larger for larger AAE values. Kirchstetter
et al. (2004) measured an AAE range of 0.6 to 1.3. However,
using values in this range, the AAE method would not always
provide accurate estimates for BrC in the absence of addi-
tional information. Sometimes the estimated ABSBrC can be
approximately−30 %–55 % if we choose a fixed AAE in the
range of 0.6–1.3. The ABSBrC based on different AAE val-
ues is significantly affected by the BC size distribution, mor-
phology, and mixing state. For freshly emitted BC (Df = 1.8,
F = 0 in our cases), AAEs of 0.9–1.1 provide reasonable es-
timates, and the ABSBrC is in the range of about −6 %–6 %
at this time. However, using AAEs of 0.6 and 1.3 can some-
times result in an ABSBrC of about −25 % and 18 %, respec-
tively.

However, with a more compact structure and a larger F ,
choosing accurate AAE values seems to be more important
for the estimation of BrC absorption. As the BC cores be-
come more compact (Df = 2.6), ABSBrC becomes more af-
fected by the choice of AAE values. This means that an in-
accurate choice of AAE could lead to a larger deviation of
the BrC absorption for compact BC, since the ABSBrC of
compact BC is more sensitive to the AAE values than it is
for fluffy BC. It is difficult to find a fixed AAE value for
estimating BrC in the absence of additional size information,
and using a fixed AAE value could result in an ABSBrC range
of approximately −26 % to 44 % in the cases we selected. In
Figs. 3–4, we see that the ABSBrC of fluffy BC increases with
rg when AAE is fixed. This is caused by a decrease in AAE
with increasing rg for fluffy BC (Luo et al., 2023; X. Zhang
et al., 2020). However, in some cases, the AAE of compact
BC may increase with increasing rg (Luo et al., 2023), which
could lead to a decrease in ABSBrC with increasing rg. In
summary, ABSBrC is significantly affected by BC size when
a fixed BC AAE is used, and it appears that there is no fixed
BC AAE value that is applicable to all cases. Similar conclu-

sions can be drawn for the fully coated BC (see Fig. S1 in the
Supplement).

3.2 The effects of BC microphysical properties on the
WDA method

Because fixed AAE methods cannot always provide accu-
rate estimates of BrC, Wang et al. (2016) proposed a WDA
method to derive the BrC absorption. They first calculated the
WDA based on Mie theory and then derived the AAE based
on the WDA. They claimed that this method can reduce the
effects of the BC size and coating. However, in the study by
Wang et al. (2016), the morphology of BC was assumed to be
spherical, and the WDA calculated based on Mie theory does
not always provide accurate estimates. In fact, the spherical
model only represents the highly aged BC. Unaged BC in
the atmosphere often exhibits fluffy morphologies, and the
coating materials make the morphology of coated BC more
complex (Pang et al., 2022, 2023; Wang et al., 2017). The
WDA calculated based on Mie theory may not represent BC
with complex morphologies. In addition, as BC morpholo-
gies can change with atmospheric aging, the spherical as-
sumption provides an incomplete understanding of the ef-
fects of atmospheric aging on WDA. Figure 5 shows the
estimated ABSBrC based on the WDA method. Since some
cores are coated while others are not, we calculated ABSBrC
based on the WDA using the bare sphere model or the core-
shell model. As pointed out by Luo et al. (2021c), the WDA
method does not necessarily provide better estimates than
the AAE = 1 method. The estimated ABSBrC based on the
Mie theory-based WDA can vary in the range from about
−40.8 % to 35.7 % (see Table 2).

The applicability of the WDA method is also related to the
atmospheric aging status. As shown in Fig. 5 and Table 2, the
estimated ABSBrC based on the WDA method is generally
in the range of −14.7 % to −9.8 % for freshly emitted BC
(F = 0, Df = 1.8, Dp/Dc < 2.15), and the range becomes
approximately −17.4 %–12.5 % when Dp/Dc increases to
4.64. For freshly emitted BC, the estimated ABSBrC is gen-
erally less than 0. This is because the WDA estimated with
Mie generally underestimates the WDA of BC with a fluffy
morphology. As shown in Fig. 6 and Table 3, the WDA esti-
mated with the morphologically realistic BC model (about
−0.04–0) is not significantly different from 0 for freshly
emitted BC (F = 0, Df = 1.8, Dp/Dc < 2.15), whereas the
WDA estimated with the spherical model varies in the range
from about −0.30 to −0.14. The estimated ABSBrC is in the
range of about −20.5 %–16.1 % and −15 %–35.7 % when F
increases to 0.1 and 0.3, respectively, and the difference in
WDA between the partially coated BC and the spherical BC
can sometimes exceed 0.4. The estimated ABSBrC based on
the WDA method is generally smaller than 0 when the BC
cores become compact (Df = 2.6). This is due to the fact
that the WDA of the partially coated BC is underestimated
by Mie theory (see Fig. 6). For a Df of 2.6, the estimated
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Figure 5. Similar to Fig. 2, but using the WDA method. We see that the WDA method does not always provide better estimates than the
fixed AAE methods, and its applicability is also significantly affected by the morphology and mixing states.

Table 2. ABSBrC (%) values estimated for different Dp/Dc values using the WDA methods, as also shown in Fig. 5.

Method F Df Dp/Dc = 1.49 Dp/Dc = 1.71 Dp/Dc = 2.15 Dp/Dc = 2.71 Dp/Dc = 4.64

WDA bare Mie

F = 0 Df = 1.8 −14.44–10.96 −13.22–9.84 −13.49–10.38 −7.15–4.86 −17.36–4.44
F = 0.1 Df = 1.8 – −15.81–10.76 −10.00–7.59 7.92–11.75 −20.51–14.76
F = 0.3 Df = 1.8 – – – 12.85–30.66 −14.96–8.94
F = 0 Df = 2.6 −12.05–0.21 −11.95 to −1.19 −12.48–6.70 −40.76–22.41 −39.64–10.71
F = 0.1 Df = 2.6 −17.28–11.01 −24.39–16.04 −38.06–14.48 −34.67–14.41 −33.62–11.44
F = 0.3 Df = 2.6 −23.76–12.48 −32.49–19.18 −35.58–14.17 −35.71–10.99 −24.42–11.49

WDA core-shell Mie

F = 0 Df = 1.8 −12.72–10.65 −12.94–11.42 −14.74–6.65 −5.36–1.32 −16.95–12.53
F = 0.1 Df = 1.8 – −15.61 to −12.46 −12.57–3.76 3.92–16.08 −16.56–12.21
F = 0.3 Df = 1.8 – – – 8.66–35.65 −10.86–5.53
F = 0 Df = 2.6 −11.37–0.14 −12.27 to −3.08 −10.99–5.48 −40.09–25.29 −34.96–12.59
F = 0.1 Df = 2.6 −11.50 to −11.30 −24.26–17.27 −35.85 to −18.09 −32.13 to −17.58 −27.06–13.28
F = 0.3 Df = 2.6 −23.49–12.76 −32.89–20.37 −33.28–17.80 −33.22–14.29 −16.90–12.39

ABSBrC is generally in the range of −40.8 %–0.1 %, and
the difference between the WDA of the partially coated BC
and the spherical BC can sometimes even exceed 0.6. Thus,
since Mie theory does not always provide accurate estimates
for the WDA of BC with realistic morphologies, we should
carefully consider the effects of the morphologies of partially
coated BC when applying the WDA method.

Figure 7 shows the effects of the size distribution on the es-
timated ABSBrC based on the WDA method. ABSBrC shows
different trends with rg for BC with different F and fBC
values. When Df = 1.8 and F = 0, the ABSBrC estimated
by the WDA method generally decreases with increasing rg
when fBC > is 5 %, while the opposite phenomenon is ob-
served when fBC = 1 %. As F increases, different ABSBrC
trends can be observed. Unlike the case of F = 0, ABSBrC in-

creases with increasing rg when fBC = 5 %. As BC cores are
reconstructed into a compact structure (Df = 2.6), ABSBrC
decreases with increasing rg when BC is heavily coated
(fBC = 1 % and 5 %), while the opposite trend is observed
for thinly coated BC. Moreover, ABSBrC decreases with in-
creasing rg – even for thinly coated BC – when F is larger,
and similar findings are found for fully coated BC (F = 1.0),
as shown in Fig. S2.

To explain why the above phenomenon occurs, we also
calculated the WDAs of BC with different rg. Figure 8 shows
the variations of ABSBrC with rg for partially coated BC
with different mixed states. The WDA of partially coated BC
is very different from that of spherical BC. In general, the
WDAs estimated with the bare sphere model and the core-
shell sphere model show similar trends with rg. When F = 0
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Figure 6. The WDAs of BC with different morphologies and different Dp/Dc values, where the purple shading represents the WDA
calculated for the bare spherical BC model. The results show that the WDA of BC is significantly affected by its morphology and mixing
state. When BC is freshly emitted (represented by a Df of 1.8, an F of 0, and a smaller Dp/Dc), the WDA is close to 0. With atmospheric
aging, the WDA range becomes broader and often deviates significantly from 0. In addition, the WDA calculated using the Mie assumption
can differ greatly from the WDA of partially coated BC, which is why the ABSBrC estimated using the WDA method differs from 0.

Table 3. The WDAs of BC with different morphologies and different Dp/Dc values given a typical size distribution range, as shown in
Fig. 6. The WDA range calculated using the bare sphere model is about −0.277 to −0.161.

Model F Df Dp/Dc = 1.49 Dp/Dc = 1.71 Dp/Dc = 2.15 Dp/Dc = 2.71 Dp/Dc = 4.64

Partially coated F = 0 Df = 1.8 −0.023 to −0.009 −0.044–0.019 −0.036 to −0.023 −0.301 to −0.099 −0.258–0.070
Partially coated F = 0.1 Df = 1.8 – −0.027–0.019 −0.102 to −0.041 −0.421 to −0.247 0.014–0.107
Partially coated F = 0.3 Df = 1.8 – – – −0.642 to −0.275 −0.563 to −0.087
Partially coated F = 0 Df = 2.6 −0.191 to −0.017 −0.177 to −0.022 −0.112 to −0.031 0.110–0.572 −0.102–0.546
Partially coated F = 0.1 Df = 2.6 −0.042–0.056 0.006–0.209 −0.043–0.491 −0.052–0.416 −0.076–0.374
Partially coated F = 0.3 Df = 2.6 −0.024–0.204 0.049–0.361 −0.055–0.418 −0.126–0.461 −0.067–0.222
Core-shell – – −0.235 to −0.189 −0.257 to −0.212 −0.297 to −0.135 −0.296 to −0.166 −0.308 to −0.085

and fBC = 5 %, the WDA calculated with the morphologi-
cally realistic model is comparable to that calculated with
the spherical model when rg is small, leading to an ABSBrC
of about 0 (see Fig. 7). However, as rg increases, the WDA
of the morphologically realistic BC increases, whereas the
WDA calculated with the spherical models does not change
significantly. Thus, the WDA difference between the mor-
phologically realistic BC and spherical models (the WDA
of the morphologically realistic BC minus the WDA of the
spherical BC) increases with increasing rg, so ABSBrC de-
creases with rg. However, the WDAs of both the morphologi-
cally realistic BC and the spherical models do not vary signif-
icantly with rg when F = 0 and fBC = 20 %, so the ABSBrC
does not vary significantly when rg is changed. When F in-
creases, a different phenomenon is observed. When F = 0.2
and fBC = 5 %, the WDA of morphologically realistic BC is
much smaller than those of the spherical models, which can
lead to a positive ABSBrC. Moreover, the WDA of morpho-
logically realistic BC decreases significantly with increasing

rg, while the WDAs calculated with the spherical models do
not significantly vary, so the WDA difference decreases with
increasing rg. Therefore, the ABSBrC can increase with rg.

As the BC cores become compact (Df = 2.6), different
WDA trends are observed with rg. The WDA of partially
coated BC is generally larger than that of spherical BC in the
cases where F = 0 and fBC = 5 %, so a negative ABSBrC
is observed. Moreover, during this time, the WDA of the
morphologically realistic BC increases with increasing rg,
whereas the WDAs calculated with the spherical models do
not vary significantly with rg. As a result, the WDA differ-
ence between the partially coated BC model and the spherical
models increases with increasing rg, causing ABSBrC to de-
crease with rg. Similar results are found when F = 0.2 and
fBC = 5 % and when F = 0.2 and fBC = 20 %. A different
phenomenon was observed when F = 0 and fBC = 20 %. At
this time, the WDA of partially coated BC is generally larger
than that of spherical BC, so ABSBrC has negative values.
However, the WDA of partially coated BC decreases with
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Figure 7. The variation in ABSBrC estimated using the WDA method with rg at different mixing states.

Figure 8. The variations in the WDAs of BC with different morphologies with rg at different mixing states, where σg = 1.6. We can see
different variations with rg for partially coated BC models and spherical models.

increasing rg, and the WDA difference between the morpho-
logically realistic model and the spherical models becomes
smaller. Therefore, ABSBrC increases with rg and tends to
0 when rg is large (e.g., rg = 0.1). Similar results can be
found for other σg values, with minor differences observed
(see Figs. S3–S4.).

3.3 Effects of the microphysical properties of BC on the
global estimation of BrC

Recent studies have generated increasing interest in esti-
mating the global distribution of BrC (Zeng et al., 2020a;
Wang et al., 2016). In this work, the effects of BC micro-
physical properties on the global estimation of BrC were
also investigated. Figure 9 shows the mean global optical
absorption aerosol depth (AAOD) of BC calculated with
different configurations. In the figures, case A represents
aerosols where Df = 1.8, F = 0.0, and fBC = 5 %; case B
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Table 4. The global mean BC AAOD (×1000) calculated using different models, as shown in Fig. 9.

Case A Case B Case C Case D Case E Case F Case G Case H

1.89–2.09 1.97–2.03 2.11–2.50 2.50–2.57 1.63 – 1.88 1.72–1.97 2.00–2.18 1.94–2.29

Figure 9. The global mean BC AAOD was calculated using dif-
ferent models. The error bars in the figures represent the upper and
lower limits when rg is varied in the range of 0.05–0.1 µm and σg
is varied in the range of 1.5–1.8. Our case studies show a global
mean AAOD value of about 0.0016 to 0.0026, which is significantly
affected by the mixing state and morphology. The AAOD of BC
with a fluffy morphology is generally larger than that of BC with
a compact morphology. Moreover, the predicted AAOD does not
necessarily increase with increasing coating ratio (decreasing fBC),
which is due to the shielding effects of the coating materials. More-
over, the AAOD of BC with thicker coating materials (a smaller
fBC) is more sensitive to the size distribution.

represents aerosols where Df = 1.8, F = 0.0, and fBC =

20 %; case C represents aerosols where Df = 1.8, F = 0.2,
and fBC = 5 %; case D represents aerosols where Df =

1.8, F = 0.2, and fBC = 20 %; case E represents aerosols
where Df = 2.6, F = 0.0, and fBC = 5 %; case F represents
aerosols where Df = 2.6, F = 0.0, and fBC = 20 %; case G
represents aerosols with Df = 2.6, F = 0.2, and fBC = 5 %;
and case H represents aerosols with Df = 2.6, F = 0.2, and
fBC = 20 %.

By comparing five models, Sand et al. (2021) showed
that the BC AAOD is generally in the range of 0.0007–
0.007. Kinne (2019) reported a larger AAOD of 0.0072.
However, their studies assume spherical core-shell struc-
tures, and a fully coated model could overestimate the over-
all AAOD. Based on GEOS-Chem simulations, Kelesidis
et al. (2022) have shown that the global mean BC AAOD is
about 0.0017± 0.007± and 0.003± 0.0016 when the spher-
ical bare model and the coated model are used, respec-

Figure 10. The global mean BC AAOD that is misattributed to BrC
for different morphological configurations. The error bars in the fig-
ures represent the upper and lower limits when rg is varied in the
range of 0.05–0.1 µm and σg is varied in the range of 1.5–1.8.

tively, while the values increase to about 0.0021± 0.0008
and 0.0036± 0.0014 when bare and coated BC agglomer-
ate models are used, respectively. However, in their study,
the coated BC aerosols were assumed to be fully coated.
As shown in Fig. 9 and Table 4, our case studies show that
the global mean AAOD value is about 0.0016 to 0.0026 and
strongly depends on the microphysical properties of BC. Our
simulated AAOD is generally in the range reported by Kele-
sidis et al. (2022). Our simulated BC AAOD is a little larger
than that from simulations with agglomerate-only models re-
ported by Kelesidis et al. (2022), but it is smaller than that
from simulations with fully coated agglomerate models. This
is easy to understand since we have mainly considered par-
tially coated BC in this work. It is worth noting that the
AAOD in this work is 440 nm, while previous studies gen-
erally set it at 550 nm. However, the AAOD does not differ
significantly between these two wavelengths. Moreover, the
aim of this work is to evaluate the impact of BC microphys-
ical properties on the estimation of BrC, not to make a de-
tailed comparison with the previous studies, so our analysis
is valid.
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Figure 11. Global distributions of the BC AAOD (×1000) that is misattributed to BrC, obtained based on the AAE440_870 = 1 method. A
negative sign means underestimation and a positive sign means overestimation.

In general, the AAODs of BC with a fluffy structure are
higher than those of BC with a compact structure, which
is consistent with the results of previous studies (Liu and
Mishchenko, 2005; Luo et al., 2022; Kahnert and Devasthale,
2011). This is due to the blocking effects of a more compact
structure and results in lower absorption (Kahnert and Dev-
asthale, 2011). When F = 0, the effects of the volume frac-
tion (fBC) are not significant. The global BC AAOD is about
1.9–2.1× 10−3 and 1.7–1.9× 10−3 for BC with Df = 1.8
and Df = 2.6, respectively. As expected, the global mean
BC AAOD increases as F increases. As F increases to 0.2
whenDf = 1.8, the global BC AAOD increases to about 2.1–
2.5× 10−3 and 2.45–2.6× 10−3 when fBC is 5 % and 20 %,

respectively. The results also show that the AAOD does not
necessarily increase when the coating ratio for the partially
coated BC increases (i.e., when fBC decreases) due to the
shielding effect of the coating materials.

The BC DRF is an important parameter for assessing
climate change. Bond et al. (2013) estimated a global
mean BC DRF of about +0.17 to +1.48 W m−2, while
more recent studies have shown much lower BC DRF val-
ues. For example, Kinne (2019) showed a global mean
BC DRF of about +0.55 W m−2; Matsui et al. (2018) re-
ported a BC DRF of +0.18 to +0.42 W m−2; and Chen
et al. (2022) estimated a mean BC DRF of +0.33 W m−2

[+0.17, +0.54]. However, Heald et al. (2014) reported a
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Figure 12. Similar to Fig. 11, but obtained using the bare sphere WDA method.

much smaller global mean BC DRF of +0.078 W m−2, and
Tuccella et al. (2020) obtained global mean BC DRFs of
about +0.13 and +0.25 W m−2 when using a bare-sphere
model and a core-shell sphere model, respectively. As shown
above, we estimate a global mean AAOD range of about
0.0016 to 0.0026. Considering an average absorption forc-
ing of 170± 43 W m−2/AAOD, based on the study of Bond
et al. (2013), the estimated DRF in this work may be about
+0.272± 0.069 to +0.442± 0.112 W m−2, which is gener-
ally in the range of values reported by previous studies.

Figure 10 and Table 5 show the estimated global BC
AAOD incorrectly attributed to BrC (denoted the “BrC
AAOD error” in the figure) when AAE-based methods are

used. When using the AAE440_675 = 1 method, the errors for
cases A, B, E, and G are relatively small, and the AAOD
errors are in the range of −0.1–0.08× 10−3. However, in
cases C, D, F, and H, the errors are larger, and the esti-
mated AAOD errors can sometimes reach about 0.41× 10−3,
which corresponds to about 20 % of the global BC AAOD.
A wider range of AAOD errors is found in our cases when
the AAE440_870 = 1 method is used. A general AAOD error
range of about −0.43–0.46× 10−3 was estimated when us-
ing AAE440_870 = 1. Assuming an average absorption forc-
ing efficiency of 170± 43 W m−2/AAOD (Bond et al., 2013),
we can estimate that a DRF range of −0.073± 0.0185 to
+0.078± 0.0198 W m−2 due to BC is incorrectly attributed
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to BrC. The WDA does not necessarily improve the estimates
when BC has a complex morphology. The spherical-model-
based WDA methods may result in a global mean AAOD er-
ror range of approximately −0.87–0.04× 10−3 in our cases,
which could result in a global mean misassigned DRF range
of −0.153± 0.0387 to +0.0085± 0.0022 W m−2.

Figures 11–12 and Figs. S5–S6 show the global distribu-
tion of BC AAOD misattributed to BrC obtained using dif-
ferent AAE-based methods. Our results show that the ap-
plicability of the different AAE-based methods is signifi-
cantly limited by the microphysical properties of BC. When
all BC is freshly emitted (e.g., F = 0, fBC = 20 %), the
AAE440_870 = 1 method provides relatively reasonable es-
timates for the BrC AAOD, and the misattributed AAOD
is within 0.8× 10−3. However, the errors become more
substantial as the BC gets older (i.e., with more coat-
ing, a larger F , or a more compact structure). Sometimes
AAE440_870 = 1 leads to an AAOD error of about −7.3–
5.7× 10−3 in East Asia, resulting in a BC DRF of about
−1.24± 0.314 W m−2 to +0.97± 0.245 W m−2 which is in-
correctly attributed to BrC. Similar results are also ob-
served using the AAE440_675 = 1 method (see Fig. S5). In
contrast, the AAE440_675 = 1 method leads to smaller er-
rors for freshly emitted BC. As shown in Figs. 12 and S6,
the WDA method can lead to larger errors if all the BC
has a complex morphology. In some cases, the Mie-theory-
based WDA methods lead to a misattributed AAOD of about
−22× 10−3 in some regions (e.g., East Asia). Multiply-
ing this AAOD error by an average absorption forcing of
170± 43 W m−2/AAOD results in an estimated misassigned
DRF of −3.74± 0.946 W m−2. Therefore, we should care-
fully consider the effects of the microphysical properties of
BC when using AAE-based methods.

4 Atmospheric implications

AAE-based methods have been widely used to estimate the
absorption by BrC, but they are subject to large uncertainties
due to the properties of BC. We quantify the effects of the mi-
crophysical properties of BC based on numerical simulations
and investigate how the applicability of AAE-based meth-
ods varies under different aging conditions. From the above,
it is clear that using a BC AAE of 1 can provide reason-
able estimates for BrC absorption, while the deviation from
the “true” BrC absorption becomes significant as the parti-
cles age. This means that the AAE= 1 method can provide
inaccurate estimates when aged BC is present. In general,
regions near emission sources, such as urban traffic areas,
contain mainly freshly emitted BC. In this case, it is reason-
able to use the AAE= 1 method. With atmospheric aging, we
should adjust the AAE values because both the AAE= 1 and
WDA methods can sometimes result in misallocations of tens
of percent of the BrC absorption. However, the adjustments
should differ depending on the aging condition. As shown
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in Figs. 3–4, for fluffy BC partially mixed with coating ma-
terials (Df = 1.8 and 0< F < 1 in this work), ABSBrC = 0
occurs in most cases when AAE> 1. Therefore, we propose
that a relatively large AAE should be used in general, while
a smaller AAE is recommended for compact BCs, including
coated and uncoated compact BCs. Recent observations have
shown that the average Df is often small, even for coated
BCs in regions far from emission sources (Wang et al., 2017;
Yuan et al., 2019). Therefore, we prefer larger AAEs. How-
ever, there are also some compact BC aerosols in the atmo-
sphere, and we should also consider the uncertainties when
the real BC aerosols have a compact structure. In addition,
the WDA methods do not improve the estimation. Therefore,
we should carefully consider the uncertainties caused by the
microphysical properties of BC when estimating the BrC ab-
sorption and DRF using the AAE-based methods.

5 Summary and conclusions

The AAE-based method is commonly used to estimate the
absorption by BrC, but it may provide inaccurate estimates
due to the effects of the microphysical properties of BC. The
goal of this work was not to discuss the use of the AAE-based
method but to assess the uncertainties of the AAE-based
method. We find that an AAE of 1 can provide a reasonable
estimate when the BC is freshly emitted. Therefore, an AAE
of 1 is suggested for regions close to the emission source,
such as a vehicle emissions region. However, we should also
note the uncertainties associated with using an AAE of 1. We
estimate an ABSBrC range of about −4.8 % to 2.7 % when
using an AAE of 1 for freshly emitted BC. However, the
ABSBrC range becomes broader when the BC is aged, and
ABSBrC is sometimes in the range of about−34.5%–38.7 %,
depending on the aging status and morphology. Therefore,
we need to adjust the AAE value when the fixed AAE method
is applied to regions consisting of aged BC, such as regions
far from the emission source. However, even for aged BC,
different AAE values should be used for different aging con-
ditions since we have shown that there is no fixed AAE that
is applicable in all cases.

This work represents the aging condition by assuming a
more compact structure, the presence of more coating mate-
rials, and a larger F . The adjustment of AAE values should
be different for different aging processes. For fluffy BC par-
tially mixed with coating materials (Df = 1.8 and 0< F < 1
in this work), we propose a larger AAE in general, while a
smaller AAE is recommended for compact BC. Our results
also show that the Mie-theory-based WDA method does not
necessarily improve the estimate (it gave an ABSBrC range
of about−40.8 %–35.7 % in our simulation cases) due to the
substantial WDA deviation between the morphologically re-
alistic BC and the spherical BC.

At the global level, the use of a BC AAE of
1 can lead to a global mean misassigned AAOD of

about −0.43–0.46× 10−3, resulting in a corresponding
global mean misassigned DRF of −0.073± 0.0185 to
+0.078± 0.0198 W m−2. However, for the freshly emitted
BC, an AAE of 1 does not lead to a significant misestima-
tion of the AAOD. At the regional level, for an AAE of 1, the
mean misassigned AAOD can vary in the range of −7.3 to
5.7× 10−3 in some regions, leading to a misassigned DRF
of about −1.24± 0.314 W m−2 to +0.97± 0.245 W m−2.
The WDA method does not necessarily provide a more ac-
curate estimate for the BrC absorption, and sometimes in
some regions we can see a mean misassigned AAOD of
about −22× 10−3, leading to a misassigned DRF of about
−3.74± 0.946 W m−2. Therefore, the effects of the micro-
scopic properties of BC should be carefully considered when
estimating BrC absorption and its direct radiative forcing
based on the measurements at multiple wavelengths.
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