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Abstract. Atmospheric black carbon (BC) particles have complex mixing states, the characterization of BC mixing state is
essential for assessment of the radiative effects. The single particle soot photometer (SP2) measures BC mixing state with
the coating refractive index is assumed to be constant 1.50+0i, which is obviously not suitable for realistic various coating
components. In this study, sulfate, non-absorbing organic carbon (OC), and brown carbon (BrC) are selected as typical
coatings to numerically quantify the effects of coating material and morphology structure on the retrieval accuracy of BC
mixing state. The numerical simulations of BC with thin and thick coatings are conducted using multiple-sphere T-matrix
(MSTM), and the mixing state retrievals are based on Mie theory according to the principle of SP2. Results showed that the
relative errors of retrieved mixing states for BC coated by sulfate and OC are larger than these for BC coated by BrC,
however, the SP2 missed evidently more results of mixing states of BC aerosols coated by BrC. When the retrieved mixing
states are employed to assess the absorption enhancement (Eap) and the radiative forcing, BrC coating also leads to larger
deviations in E4, than sulfate and OC, the estimation error of radiative forcing of BrC coated BC at 1064 nm wavelength
reaches -89.9%, while the corresponding errors for sulfate and OC coatings range from -64.3% to -38.4%. This study

highlights the coating materials of BC should be considered when monitoring the mixing state using SP2.

1. Introduction

Black carbon (BC) is an important component of atmospheric aerosol, which is mainly generated from the incomplete
combustion of carbon-rich materials such as fossil and biomass (Bond et al., 2013). The sources of BC aerosols can be
categorized into two types, one is the violent emission through natural phenomena like forest fires and volcanic eruptions

(Murphy et al., 2014; Santoso et al., 2020), and the other is the widespread and persistent anthropogenic emission, which has
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more contributions to the long-term variations in atmospheric BC concentrations (Zhang et al., 2020). Although BC accounts
for a small proportion of atmospheric aerosol, as an absorptive aerosol it strongly absorbs sunlight from the visible to
infrared wavelengths, which increases the amount of solar radiation absorbed by the ground-air system and produces a strong
positive forcing on climate change (Li et al., 2019). In addition, BC also acts as cloud condensation nuclei, accelerates the
melting of snow and ice, alters the atmosphere temperature structure and vertical diffusion of pollutants (Ding et al., 2016;
Wang et al., 2015). BC is usually emitted into the atmosphere as primary particulate matter, fresh BC particles usually
present as loose chain-like aggregates consisting of a large number of nearly spherical monomers (Ceolato et al., 2020).
During transportation and aging in the atmosphere, different chemical components such as organic matter, sulfates, and
nitrates condense and coagulate on the surface of BC, the loose aggregates gradually evaluate to dense spherical shapes with
complex mixing structures (China et al., 2013; Lei et al., 2020)

The mixing state is a key microphysical property to evaluate the optical and radiative effects of BC aerosols, many
instruments have been applied to measure the BC mixing state based on different principles and techniques. Transmission
electron microscope (TEM) is a basic instrument for direct off-line observation of BC mixing states through component
identification and morphology analysis. The sampling and characterization of atmospheric aerosol in single particle level
reveals that the aging of BC aerosol results in structure compactness and coating layers, the morphology and mixing state of
BC show enormous diversity (Li et al., 2023; Liu et al., 2020; Wang et al., 2017). Adachi et al. (2014) conducted TEM
analyses of aerosol particles with aerodynamic diameters ranging in 60-350 nm, about 10% of collected particles are BC and
about 75% of BC particles are mixed with sulfate or other substances. The single particle soot photometer (SP2) can measure
the mass and diameter refractory BC (D¢), the optical diameter (D,), and therefore the mixing state (Dp/D¢) in a single
particle level. As an effective online instrument, the SP2 has been widely applied for the measurement of BC mixing states
whether be used alone or in tandem with other apparatus to form observation systems (Liu et al., 2020; Liu et al., 2022).

The optical cavity of SP2 is mainly consists of a laser with a wavelength of 1064 nm and four symmetrically arranged
detectors covering viewing angles of 13-77° and 103-167° relative to the laser (Gao et al., 2007). When exposed to laser
persistently, the bare BC would emit incandescent light, which can be monitored by two detectors, and the peak of
incandescent signal is proportional to the mass of BC (Schwarz et al., 2006). Then, the mass and volume equivalent diameter
of BC (D) can be obtained with its density is set to 1.8 g/cm® (Bond and Bergstrom, 2006). As coated BC passes through
laser beam vertically, the coating would be heated and evaporate, thus the scattered light recorded by the other two detectors
is dynamically evolved. The leading edge of original scattered light signal when the coated BC entering the light beam is
extracted to reconstruct the complete Gaussian scattering signal with the insistence of Leading Edge Only (LEO) method and
the position-sensitive detector (Gao et al., 2007). The differential scattering cross-section is derived subsequently, and the
optical diameter (D,) of coated BC can be retrieved based on Mie scattering theory in combination with core-shell model.
Finally, the mixing state of coated BC is measured and expressed as D,/D.. Furthermore, through the statistical analyses of
the lag time between the appearance of scattering signal and incandescent signal, the particles can be classified into thinly
coated BC and heavily coated BC.
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Measurement errors in BC core size and differential scattering property of coated BC using SP2 can be calibrated regularly
through Aquadag soot and polystyrene particles. However, since the morphologies and coating structures of aged BC aerosol
are complicated, thus the optical retrieval of mixing states of BC would introduce evident errors due to the
oversimplification of particle model. Firstly, both the BC core and the coating are assumed to be spherical and forming core-
shell structures. In contrast, realistic BC particles can be film-wrapped or encapsulated by coatings, then this significant
inconsistency result in errors in optically retrieved equivalent diameter of coated BC (Dy). Our previous studies have
explored the effects of fractal morphology and coating structure on the optically retrieved particle size and mixing state of
aged BC aerosol, the non-spherical shape of realistic BC bring large retrieval errors in diameter and D,/D¢, and it is worth
noting that optical retrieval based on Mie theory would miss microphysical parameters for a large amount of BC particles
(Liu et al., 2023b; Liu et al., 2023c). Besides, the coatings of atmospheric BC aerosols can be inorganic salt like sulfate and
organics with absorptive or non-absorptive properties, their refractive indices are not exactly the same, which further affect
the optical properties of coated BC. Zhang et al. (2021) investigated the absorption property of BC coated by brown carbon,
results showed that the blocking effect on the light absorption enhancement of partially coated BC increases with the
increase of coating absorption fraction. However, the current optical retrieval method of SP2 roughly assume the refractive
index of all coatings is constant 1.50+0i. What and how does this uniform assumption of refractive index affect the retrieved
mixing state of BC is indistinct and needs to be quantified.

To answer above questions, in this study, the coupling effects of coating materials and complex morphology on the optical
retrieval accuracy of BC mixing states based on Mie theory using SP2 are investigated from the perspective of numerical
simulation. State-of-art closed-cell model (CCM) and coated-aggregate model (CAM) are constructed to simulate typical
thinly and heavily coated BC which can be classified by lag time. Different aerosol components with their corresponding
refractive indices are selected as coatings, and the numerical simulation results of complex models are regarded as realistic
optical properties of BC. Referring to the retrieval methodology of SP2, the optical equivalent diameter and mixing state of
coated BC are obtained using differential scattering parameters, based on Mie theory and simple core-shell model. Then, the
retrieved results of D,/D. are compared with the preset values, and the effects of coating materials and coating structures on
the BC mixing state retrieval accuracies are quantified. Furthermore, in order to promote the reasonable use of measured
D,/Dc, the prediction performances for essential parameters absorption enhancement (Ea») and radiative forcing (RF) of BC

using SP2 measurements are evaluated.

2. Methodology
2.1 Morphological models of BC aerosols

According to the observations using electron microscopes, the morphologies of newly emitted BC particle are not spherical
but fractal, a large number of near-spherical monomers clustered together and form a single BC particle. The geometry of

bare BC follows the scaling rule:
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: ()
1
Rg = N_ . (2

where ap is monomer radius, Ns is monomer number, ki and D; are pre-factor and fractal dimension controlling the
morphology of BC aggregate, Ry is rotation radius that describes spatial scale of BC, and r; is the distance between the i
monomer and mass center of whole aggregate (Kahnert and Kanngiesser, 2020; Zeng et al., 2019). The newly discharged BC
particles show loose chain structures with the values of D+ are about 1.80, during the atmospheric aging process, the fractal
structure becomes more compact and closes to sphere with Dy increase to about 2.80 and even larger. The pre-factor is
assumed to be 1.20, and the monomer radius of BC is fixed to 20 nm, which is a typical value observed in experiments (Li et
al., 2003; Sorensen and Roberts, 1997). To cover the most of the size of atmospheric BC, the monomer number ranges from

50 to 2000 with a step of 50, and the volume equivalent diameter of BC core (D) can be obtained:

D, =2a,3/N, -

Furthermore, the non-BC component tends to cover the surface of BC through aging process, forming complicated film-
coated and encapsulated mixing structures. The typical coating species can be light absorptive brown carbon (BrC) and non-
absorptive material like organic matter and inorganic salt (Kholghy et al., 2013). For the sake of adequately simulate the
complicated non-spherical mixing structure of aged BC with thin or heavy coatings, which is in line with the rough classify
method adopt by SP2, two advanced morphological models closed-cell model (CCM) and coated-aggregate model (CAM)
are constructed. The CCM with D¢=1.80, 2.20, and 2.60 are employed to represent BC with thin film coatings, while the
CAM with D=2.60 and 2.80 are employed to represent BC encapsulated by coatings. The amount or volume of coatings are
also essential parameters controlling the overall morphology of coated BC, which can be expressed by the volume fraction
(V¢) of BC core and the mixing state (Dy/D¢):

v, e
Vtotal , (4)
D 1

_P_
° gi ®)

where Vgc and Vi are the volumes of BC core and coated BC respectively, D, and D¢ are the diameters of volume

equivalent spheres for coated BC and BC core respectively. The Diffusion-limited aggregation (DLA) algorithm developed
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by Wozniak et al. (2012) was employed to generate fractal aggregates firstly. For the construction of the closed-cell model,
the original fractal aggregate was enlarged according the BC volume fraction, and a soot sphere was added into each
enlarged monomer. As for the coated aggregate model, the fractal aggregate was encapsulated by one single spherical
coating (Liu et al., 2023a).

2.2 Numerical simulation of optical properties

In this study, the wavelength of the optical properties simulated is set to 1064 nm, the same wavelength as the laser used in
SP2, assuming that the complex refractive index of the BC core and the coating is also the same as the SP2 set values of
2.26-1.26i and 1.50+0i, respectively. The density of the BC core (psc) and the coating (pcoating) is set to 1.80 g/cm?® and 1.20
g/cm3(Liu et al., 2014; Zhang et al., 2019). In the error analysis of SP2 measurement of the mixing state of BC by different
coating materials, the density of sulfate, non-absorbable organic carbon (OC) and brown carbon (BrC) were set as 1.769
g/em?®, 1.2 g/cm?, and 1.2 g/cm®(Wang et al., 2021; Luo et al., 2021), and the corresponding complex refractive index was set
as 1.51+10-5i, 1.52+0.02i, 1.55+0.18i, respectively. In addition, the complex refractive index and density selection of
MSTM calculation and Mie scattering calculation are consistent. SP2 can determine the quality of the rBC core according to
the detected peak of the incandescent light signal, and then deduce the diameter (D) of the BC core according to the set
density.

Based on the retrieve principle of SP2 and the differential scattering cross-section of fractal BC particles as a reference, the
retrieval of the mixing state (D,/D¢) is the key to this study. First, the MSTM algorithm is used to calculate the differential
scattering cross-section of the BC fractal model with preset volume equivalent particle size ratio (Dpy/Dcy) at 1064 nm
wavelength. Secondly, the differential scattering cross-section of the core-shell model is calculated using the Mie scattering
theory. Finally, by fixing the D value of the core-shell model and the D¢, value of the BC fractal model is the same, the D,
value of the core-shell model is changed to retrieve the core-shell model corresponding to the differential scattering cross-
section of the core-shell model and the fractal model, and its Dp/D. is regarded as the retrieve mixing state of the coated
particles. Therefore, a search method based on the ordinary least square method is defined in this study. The formula is as

follows:

2
}(2 _ dCsca—MSTM (Dp,v)_d Csca—Mie (Dc,v) | ©)
d Csca—MSTM (Dp,v)

where dCsamstm and dCscamie are the differential scattering cross sections of the BC fractal model and core-shell model

respectively. In addition, the relative error (RE) is used to represent the retrieval error of the BC mixing state:

D,/D,-D,,/D
DP,V/DC,V

RE = ©¥ %100%, (7
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The microphysical properties of BC aerosols have a significant influence on their optical properties, which in turn affect the
radiation effects of BC aerosols. SP2 retrieves the mixing state of BC aerosol based on Mie scattering theory and assumes
that BC particles have a spherical core-shell structure. However, the core-shell model is seriously inconsistent with the actual
morphology of BC aerosol, so there are inevitable errors in the mixing state obtained by retrieval, which further affects the
estimation of the radiation effect of BC aerosol. In this study, the simple forcing efficiency (SFE) equation proposed by
Bond and Bergstrom (2006) is used to quantify the radiative forcing estimation error caused by the SP2 mixing state retrieval
error. The simple forcing efficiency equation is defined as the radiative forcing normalized by the mass of BC, representing

the amount of energy added to the Earth's atmospheric system by particles of a given mass in the atmosphere:

MAC = &, (8)
Mg
MSC = Jas ©
mtotal
Mg = PacVec s (10)
mtotal =P BCVBC + P coatingvcoating ! (11)
Vcoating = (1_Vf )VBC /\/f ) (12)
dSFE  1dS(4) , 2
S — - - - : 13
=T F)[2(1-2,)" B(2)xMSC(2)-4a,MAC(2)] (13)

where mgc and myar are the mass of the BC core and the whole BC particle respectively, psc and pcoating are the density of
BC core and coating respectively, and Vcaing i the volume of coating. According to ASTM G173-03, the atmospheric
transmittance 1=0.79, the cloud fraction F.=0.6, the typical urban surface albedo as=0.19, and the backscattering fraction
$=0.15.

The absorption enhancement is determined by the ratio of the absorption cross-section of the whole BC particle (Cabsp) to

that of the bare black carbon core (Capsc), and the specific solution process is shown below:

C
E — abs,p ’ 14
ab C ( )

abs,c
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D 2
Cabs,p = Qabs,p ﬂ.( ZPVJ ) (15)
D 2
Cabs,c = Qabs,c ﬂ-( ;V] ' (16)

where Qabs,p and Qabs,c are the absorption efficiency of the whole BC particle and the absorption efficiency of the bare BC

core respectively, and the corresponding values can be obtained by the MSTM algorithm.

3. Result and discussion

The accuracy of the single-particle soot photometer in retrieving the mixing state of the coated BC particles is not only
affected by the structure of the coated BC but also by the composition of the coated BC. Different coating materials have
different complex refractive indices, which will affect the optical properties of aerosol particles, and then affect the retrieval
of its mixing state. Based on the optical equivalent particle size retrieval principle of SP2, the optical equivalent particle size
of the BC in the fractal particle model is taken as the BC core in the core-shell model. Based on Mie scattering, the optical
equivalent particle size of the optical equivalent double-layer sphere is obtained. In this chapter, the mixing state of coated
BC particles with different coating materials is retrieved. The influence of different coatings materials on the BC mixing
state of SP2 retrieval is investigated, and the influence of retrieval errors (RRs) on the estimation of black carbon absorption
enhancement and radiative forcing is studied.

3.1 Influence of different coating materials on the retrieval of mixing state

The BC aerosol discharged into the atmosphere makes it very easy to adsorb other aerosols (sulfate, OC, BrC, etc.) to form a
mixing state. The difference in microphysical properties of coating materials leads to the difference in their optical properties.
The complex refraction index is one of the important factors that determine the microphysical properties of aerosols. The
real part of the complex refractive index reflects the scattering ability of aerosols, while the imaginary part reflects the
absorption ability of aerosols. According to the set microphysical parameters, the optical property results were obtained
through optical calculation, to retrieve the mixing state of BC particles in a real atmospheric environment and explore the
influence of different coating materials on the accuracy of measuring BC mixing state with SP2. In order to ensure the
maximum amount of data in the retrieval results, the mixing states of BC coated by sulfate, OC, and BrC were respectively
retrieved according to the forward scattering. Meanwhile, for different coating materials, two models, closed-cell and coated-
aggregate, are also considered to retrieve the actual mixing state of light and heavily coated BC particles.

Figure 1. shows the retrieval results of BC particles coated by sulfates in different typing models. The RE of lightly coated

BC particles represented by the closed-cell model coated by sulfate is greater than that of heavily coated BC particles

7
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represented by the coated-aggregate model, and there are leakage points in both models. In addition, we also compared the
retrieval results of BC particles coated with OC and BrC, respectively, and the trend is consistent with the retrieval results of
BC particles coated with sulfate. However, it is worth noting that there are more leakage points in the retrieval results of the
mixing state of BC particles coated with BrC, which indicates that SP2 will lose a lot of data in the retrieval of the mixing

state of BC particles coated with BrC.

Figure 1. Retrieval results of mixing state of sulfate-coated BC particles with different fractal dimensions. (a, b) lightly
coated BC particles with volume equivalent particle size ratios of 2.71 and 2.37, respectively. (c, d) heavily coated BC
particles with volume equivalent particle size ratios of 2.71 and 2.37, respectively.

Figure 2 shows the retrieval results of the closed-cell model mixing states of BC particles coated by different coating
materials. The retrieval results of the mixing state of BC particles coated by sulfate and OC are similar, and the points and
lines in the figure are basically identical. This is because the complex refractive indices of sulfate and OC at 1064nm
wavelength are very similar, resulting in analogical optical properties calculation results, and thus similar retrieval results of
their mixing states. However, the retrieval results of the mixing state of BC particles coated with BrC are obviously different
from those of BC particles coated with sulfate and OC. The difference increases with the increase of fractal dimension, but
the volume equivalent particle size ratio has little effect on it. For the light-coated BC particles with fractal dimensions 1.80
and 2.40, the retrieval results of the mixing state of the BC particles coated with BrC are slightly smaller than the retrieval
results of the mixing state of the black carbon particles coated with sulfate and OC. The retrieval error of the mixing state of
the BC particles coated by BrC with larger fractal dimension is smaller than that of the BC particles coated by sulfate and
OC, indicating that SP2 can measure the mixing state of the BC particles lightly coated by BrC with larger fractal dimension

more accurately.
Figure 2. Retrieval results of closed-cell model mixing states of BC particles coated with different materials.

Figure. 3 shows the retrieval results of the mixing state of the coated BC particles coated with different materials by the
coated-aggregate model. There are also leakage points in the retrieval results of heavily coated BC particles with different
coating materials, but the overall trend is clear and consistent under different fractal dimensions. With the increase of particle
size, the Dp/Dc retrieval results gradually converge to 1. Different from the light-coated BC particles, the retrieval results of
the mixing state of the heavily-coated BC particles coated with sulfate and OC no longer coincide, but show a slight
difference. The retrieval results of the mixing state of BC particles heavily coated with BrC are significantly different from
those of BC particles heavily coated with sulfate and OC. They are similar to the retrieval results of the closed-cell model
with a large fractal dimension (D¢=2.60) shown in Fig 2. These results are higher than the retrieval results of the mixing state

of BC particles heavily coated with sulfate and OC. This also illustrates that SP2 can measure the mixing state of BC
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particles heavily coated with BrC with higher accuracy. In addition, the difference between the retrieval results of the mixing
state of BC particles heavily coated with BrC and that of BC particles heavily coated with sulfate and OC increases with the
increase of fractal dimension and decreases with the increase of volume equivalent particle size ratio. The maximum
retrieval error of the mixing state of the BC particles heavily coated with three different materials is -63.1%, which appears
on the BC particles heavily coated with sulfate and OC with a fractal dimension of 2.60.

Figure 3. Retrieval results of the coated-aggregate model mixing states of BC particles coated with different materials.

3.2 Effect of coatings materials on the retrieval of the mixing state of BC particle groups

Figure 4. Distribution of retrieval results for black carbon particles coated with different materials. The light-colored part on
the left of the half-violin diagram is the retrieval result distribution of the closed-cell model, and the dark-colored part on the

right is the retrieval result distribution of the coated-aggregate model.

First, in order to understand the distribution of BC particles over the entire size range, we drew a half-violin diagram as
shown in Figure 4. The dashed lines in the figure represent the average of the retrieval results, and the fractal dimension of
all models is 2.60. Like the violin plot, the width of the half-side filled in the half-violin plot also represents the probability
distribution of the retrieval result. Three distinct regions, purple, yellow, and red, represent the distribution of retrieval
results for black carbon particles coated with sulfate, OC, and BrC, respectively. It can be seen from the figure that the
distribution of retrieval results for BC particles coated with sulfate and OC is basically the same, and the average retrieval
results of different models increase with the increase of the preset volume equivalent particle size ratio. The average value of
the lightly coated BC particles represented by the closed-cell model is smaller than that of the heavily coated black carbon
particles represented by the coated-aggregate model under the same volume equivalent particle size ratio. The retrieval result
distribution of BC particles coated with BrC is obviously different from that of BC particles coated with the other two
materials, and the probability distribution width is significantly smaller than that of the other two materials. This is because
the retrieval result of BC particles coated with BrC has significantly more leakage points than the other two materials,
resulting in a small amount of data. This can also be seen from the retrieval results of the fractal dimension of 2.60
corresponding to Figures 2 and 3. In addition, the average retrieval results of the BC particles lightly coated with BrC
increase with the increase of the preset volume equivalent particle size ratio, but the average retrieval results of the heavily
coated BC particles decrease with the increase of the preset volume equivalent particle size ratio, which makes the retrieval
error larger.

Because the aerosol in the real atmosphere does not exist as a single particle, it is more meaningful to study the mixing state

of the BC aerosol population for practical application. Therefore, under the assumption that the equivalent volume diameter
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of BC particles follows the lognormal distribution law, we consider the retrieval results of the mixing state of BC particles
with different coating materials. The retrieval results and relative errors of the mixing state of BC particles coated with
different coating materials are shown in Table 1. For the light-coated black carbon particles represented by the closed-cell
model, the mixing state retrieval results and relative errors of BC particles with different coating materials are not very
different, and the relative errors decrease with the reduction of fractal dimension and volume-equivalent particle size ratio.
However, for the heavily coated black carbon particles represented by the coated-aggregate model, the mixing state retrieval
results and relative errors of the BC particles coated with BrC are significantly different from those of the BC particles
coated with the other two materials. The relative error of black carbon particle swarm retrieval results heavily coated with
sulfate and OC is smaller than that for BC particles lightly coated with these two materials. It is worth noting that the relative
error of the retrieval results of the mixing state of black carbon particles heavily coated with BrC fluctuates positively and
negatively, which is caused by too many leakage points in the retrieval results of heavily coated BC particles under this
coating material. This shows that the missing points when SP2 is used to measure the mixing state of BC particles heavily

coated with BrC will have a great influence on the retrieval results of the mixing state of the particle swarm.

Table 1. Retrieval results and relative error of mixing state of black carbon particles with different coating materials.

3.3 Impact of SP2 retrieval errors on BC absorption enhancement estimates

After BC particles undergo the aging process in the atmosphere, the influence of non-BC materials coated in BC nuclei on
the light absorption capacity of BC particles is often called the "prism effect"(Cui et al., 2016), which can increase the
absorption cross-section of BC particles. Previous studies have applied the retrieval results of SP2 to calculate the mass
absorption cross section (MAC) of coated BC particles to obtain the enhanced absorption of coated BC particles
(Eab)(Zhang et al., 2023). However, considering that there are errors in SP2 retrieval of the mixing state of BC particles,
there are also errors in the estimation of absorption enhancement. Therefore, this section analyzes the effect of SP2 retrieval
error on the estimation of enhanced absorption of BC coated by different materials from the perspective of numerical
simulation.

Figure 5. shows the absorption enhancement of the closed-cell model and the core-shell model coated by different coating
materials. The solid point line is the actual value (AV) of the absorption enhancement of light-coated BC particles
represented by the closed-cell model, while the hollow point line is the absorption enhancement of coated BC particles
derived from the retrieval results of the core-shell model. It can be seen from the figure that the absorption enhancement
values of the BC particles coated with three different materials derived from the SP2 retrieval value (RV) basically overlap,
and the trend is consistent under different volume equivalent particle size ratios, but it decreases with the increase of the
diameter of the BC core, and the value ranges from 1.0 to 3.16. The diameter of the BC core has little effect on the

absorption enhancement of the actual coated BC particles, but the materials of the coated BC have a certain effect. The
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actual absorption enhancement values of the BC particles coated with sulfate and OC are similar, and the values are basically
stable between 1.0 and 2.0 under different volume-equivalent particle size ratios and BC core diameters. However, the BC
particles coated with BrC are significantly different from the BC particles coated with these two materials, and the difference
decreases with the decrease of volume equivalent particle size ratio. That is, the absorption enhancement of the actual BC
particles coated with BrC decreases with the decrease of the volume equivalent particle size ratio. In addition, the relative
errors between the BC absorption enhancement retrieval values and the actual values of the three coating materials under all
parameters of the closed-cell model are calculated. The results show that the relative error of absorption enhancement of BC
particles coated with BrC is negative in most cases, and the minimum can reach -83.9%, which indicates that the retrieval
value of SP2 underestimates its absorption enhancement. However, for most BC particles coated with sulfate and OC, the

retrieval value of SP2 overestimates their absorption enhancement.

Figure 5. Enhanced absorption of BC particles lightly coated with different materials. (a-d) the closed-cell model with
fractal dimensions of 1.80, and the volume equivalent particle size ratios are 2.71, 2.37, 2.15, and 1.36, respectively. The
solid point plot is the actual value of the absorption enhancement of the coated BC particles, and the hollow point plot is the
absorption enhancement of the coated BC particles derived from the SP2 retrieval results.

Figure 6. The absorption of BC particles heavily coated with different materials is enhanced, and the legend is the same as
in Fig 4. The first column is the coated-aggregate model with a fractal dimension of 2.60 and the volume equivalent particle
size of 2.71, 2.37, and 2.15, respectively. The second column is a coated-aggregate model with a fractal dimension of 2.80
and the remaining parameters are the same as those of the first column.

Figure 6. shows the absorption enhancement of the coated-aggregate model and core-shell model coated with different
materials. The solid and hollow dots represent the same values as in Figure 5. There are obvious differences in the
absorption enhancement values of BC particles coated by three different materials based on SP2 retrieval values. Under the
same morphological parameters, the absorption enhancement of BrC-coated BC particles is the strongest, followed by that
coated with OC and that coated with sulfate. The actual value of enhanced absorption of BC particles coated with BrC is
significantly different from that of BC particles coated with sulfate and OC, and the actual value of enhanced absorption of
BC particles coated with BrC is always the largest, which also indicates that the measurement error of SP2 has the greatest
impact on the estimation of enhanced absorption of BC heavily coated with BrC. In most cases, the relative error between
the actual value and the retrieval value of the absorption enhancement of the BC particles coated by three different materials

is negative, which indicates that the retrieval value of SP2 underestimates its absorption enhancement. The relative error of
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absorption enhancement of BC particles heavily coated with BrC is as low as -77.6%. The relative error of absorption
enhancement of BC particles heavily coated with sulfate and OC is -61.9%. For both the coated-aggregate model and the
closed-cell model, the absorption enhancement error of the BC particles coated with BrC is greater than that of the BC
particles coated with sulfate and OC, indicating that the accuracy of calculating the absorption enhancement of the BC

particles coated with BrC is the lowest according to the retrieval results of SP2.

3.4 Effects of SP2 retrieval errors on the calculation of BC radiative forcing using simple forcing efficiency equation

The measurement error of the mixing state of BC aerosols will affect the input of the radiative transfer mode, and thus affect
the estimation of the radiative effect of BC aerosols. The simple forcing efficiency equation focuses on describing the
forcing effect of particles with different particle sizes in a certain wavelength range, reflecting the influence of uniform thin
aerosols in the lower atmosphere on radiative forcing (Peng et al., 2022). In this section, a simple forcing efficiency equation
is used to quantify the radiative forcing estimation error caused by SP2 retrieval of mixing state errors of BC particles with
different coating materials at 1064 nm.

Table 2. shows the actual and SP2 retrieval values and corresponding retrieval errors of the simple forcing efficiency of BC
particles coated with BrC, sulfate, and OC. As there are too many leakage points in the retrieval result of the coated-
aggregate model, it will not be discussed here. The "actual value (AV) " in the table is the simple forcing efficiency of actual
light-coated and heavy-coated BC particles with different coating materials expressed by a closed-cell model, whose optical
properties are obtained using MSTM. The " retrieval value (RV) " is the optical equivalent core-shell model based on SP2
retrieval results, and the simple forcing efficiency obtained from the mass scattering cross section and mass absorption cross
section calculated using Mie scattering theory. For BC particles with different coating materials, the actual and retrieval
values are similar even if the fractal dimensions are different for the same volume equivalent particle size ratio. It can be
seen that the fractal shape of the model has little effect on the radiative forcing estimation. However, the retrieval error range
of the simple radiative forcing efficiency of BC particles with different coating materials is different. The retrieval error of
the simple radiative forcing efficiency of BC particles coated with BrC is greater than that of BC particles coated with the
other two materials, ranging from -89.9% to -80.5%. The retrieval error of the simple radiative forcing efficiency of BC

particles coated with sulfate and OC is similar, ranging from -64.3% to -38.4%.

Table 2. The actual and SP2 retrieval values of the simple forcing efficiency of BC particles coated with BrC, sulfate, and
ocC
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4. Conclusions

In this paper, the mixing state of black carbon particles with three different coating materials of sulfate, BrC, and OC was
retrieved to explore the accuracy of SP2 in measuring the mixing state of black carbon particles. The effects of the error of
SP2 retrieval of mixing state of black carbon particles on the estimation of absorption enhancement and radiative forcing of
black carbon particles with different coating materials are analyzed. The main conclusions are summarized as follows:

(1) The retrieval results of the single particle mixing state of BC particles coated with sulfate and OC are similar. The
retrieval results of the mixing state of the black carbon particles coated with BrC are greater than those of the black carbon
particles coated with the other two materials under different coating structures. This indicates that the relative error of SP2 in
retrieving the mixing state of BrC-coated BC particles is small. However, SP2 missed more data when retrieving the mixing
state of black carbon particles coated with BrC than the other two materials.

(2) For the light-coated black carbon particles represented by the closed-cell model, the mixing state retrieval results and
relative errors of the black carbon particle swarm with different coating materials following a certain lognormal distribution
have little difference. However, due to the omission of the retrieval results, for the heavily coated black carbon particles
represented by the coated-aggregate model, the retrieval results and relative errors of the mixing state of the black carbon
particles coated with BrC are significantly different from those of the black carbon particles coated with the other two
materials. The relative error fluctuated positively and negatively.

(3) The effect of mixing state retrieval error on absorption enhancement (Ea,) of coated black carbon particles is calculated
by using SP2 retrieval results. The absorption enhancement error of black carbon particles coated with BrC is greater than
that of black carbon particles coated with sulfate and OC, indicating that the accuracy of calculating the absorption
enhancement of black carbon particles coated with BrC based on SP2 retrieval results is the lowest.

(4) At 1064 nm, the retrieval error of the simple radiative forcing efficiency of the black carbon particles coated with BrC is
larger than that of the black carbon particles coated with the other two materials, with the highest error reaching -89.9%. The
retrieval error of the simple radiative forcing efficiency of black carbon particles coated with sulfate and OC is similar,
ranging from -64.3% to -38.4%.

Data availability. The data for this study is available online (https://doi.org/10.13140/RG.2.2.22582.72008).
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Figure 1. Retrieval results of mixing state of sulfate-coated BC particles with different fractal dimensions. (a, b) lightly

coated BC particles with volume equivalent particle size ratios of 2.71 and 2.37, respectively. (¢, d) heavily coated BC
particles with volume equivalent particle size ratios of 2.71 and 2.37, respectively.
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Figure 2. Retrieval results of closed-cell model mixing states of BC particles coated with different materials.
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Figure 6. The absorption of BC particles heavily coated with different materials is enhanced, and the legend is the same as
in Fig 4. The first column is the coated-aggregate model with a fractal dimension of 2.60 and the volume equivalent particle

535 size of 2.71, 2.37, and 2.15, respectively. The second column is a coated-aggregate model with a fractal dimension of 2.80
and the remaining parameters are the same as those of the first column.
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Table 1. Retrieval results and relative error of mixing state of black carbon particles with different coating materials.

Model Closed-cell model Coated-aggregate model
Ds¢ 1.80 2.40 2.60 2.60 2.8
Dp/Dc Coatir_]g RRs RE RRs RE RRs RE RRs RE RRs RE
material
BrC 145 -46.8% 127 -532% 126  -53.7% | 1.26 -53.5 1.64  -39.6%
271 Sulfate 149 -452% 131 -51.8% 126 -536% | 165 -392% 162  -40.3%
oC 149 -452% 1.30 -52.0% 1.25 -53.9% 1.63 -40.0% 1.63 -40.1%
BrC 147  -37.9% 125  -472% 123  -482% | 131  -446% 2.09 -12.0%
237  Sulfate 151 -365% 128  -459% 120 -495% | 191  -195% 175  -26.2%
oC 151 -36.5% 1.28 -45.9%  1.20 -49.2% 1.96 -17.5% 1.78 -25.0%
BrC 153  -29.0% 125 -421% 120 -441% | 2.29 6.4% 2.27 5.2%
2.15  Sulfate 153 -28.9% 121  -43.8% 119  -449% | 1.97 -8.7% 1.93  -10.2%
ocC 153 -291% 121  -439% 118  -452% | 2.02 -6.2% 1.99  -7.4%

540 Table 2. The actual and SP2 retrieval values of the simple forcing efficiency of BC particles coated with BrC, sulfate, and

oC
Dt 1.80 2.40 2.60
Dp/Dc Coating AV RV RRs AV RV RRs AV RV RRs
material
BrC 0.71 0.08 -88.7% 0.71 0.09 -87.3% 0.71 0.08 -88.5%
2.71 Sulfate 0.15 0.08 -45.0% 0.16 0.10 -38.4% 0.16 0.08 -48.4%
ocC 0.15 0.08 -45.0% 0.22 0.09 -57.4% 0.23 0.08 -64.3%
BrC 0.51 0.07 -85.6% 0.51 0.08 -84.2% 0.51 0.08 -85.2%
2.37 Sulfate 0.15 0.08 -49.1% 0.15 0.08 -44.4% 0.15 0.07 -54.0%
oC 0.15 0.08 -49.2% 0.15 0.08 -44.3% 0.15 0.07 -53.3%
BrC 0.40 0.07 -83.1% 0.40 0.08 -80.5% 0.41 0.07 -82.9%
2.15 Sulfate 0.15 0.07 -51.9% 0.15 0.08 -48.5% 0.15 0.07 -55.6%
ocC 0.18 0.07 -60.3% 0.18 0.08 -57.2% 0.15 0.07 -55.4%
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