
1. Introduction
Atmospheric BC aerosols, produced through the incomplete combustion of fossil fuel and biomass burning, 
strongly absorb light across the solar spectrum and exert a positive atmospheric radiative forcing (Ramanathan 
& Carmichael, 2008). The freshly emitted BC particles with aggregate structures accumulate secondary organic 
and inorganic coatings during the atmospheric aging processes, affecting their hygroscopicity, atmospheric life-
time, cloud condensation nuclei activity, and potentially their mass absorption cross-section (Knox et al., 2009; 
Kuwata et al., 2009; Ohata et al., 2016; Yu et al., 2019). With the addition of coating materials to BC, the light 
absorption of particles can be enhanced through refraction and internal reflections, referred to as the “lens-
ing effect” (Bond et  al.,  2006; Fuller et  al.,  1999). Modeling studies based on the core-shell Mie theory, in 
which assumed spherical BC-containing particles with a core-shell configuration, predicted that the absorption 
enhancement factor (Eabs) caused by the coating “lens” of particles increased with the increasing coating amounts 
(Bond et al., 2006; Jacobson, 2001). Laboratory studies have observed this lensing-based absorption enhance-
ment of controlled monodisperse BC seeds or sources in the aging condition with either lab-created environments 
(Cappa et al., 2012; Schnaiter et al., 2005), or ambient air (Peng et al., 2016). However, field observations found 
both large and minor Eabs for BC even though the particle coating amounts were large (Cappa et al., 2019; S. Liu 
et al., 2015).

During the aging processes, incompletely coated particles could exist and the absorption of BC is constrained 
by the complex mixing structures of individual particles (Adachi et  al.,  2010; China et  al.,  2013). Previous 
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studies have noticed that the conventional Mie theory calculation that assumes spherical BC-containing parti-
cles with a core-shell structure may overestimate the Eabs caused by the coating “lens” (D. Liu et  al.,  2017; 
Wu et  al.,  2018). To make more precise predictions of the Eabs affected by particle morphology, microscopy 
techniques that screen the mixing structures of individual BC particles can be used, but have limited quanti-
tative capability and time resolution, and may evaporate semi-volatile materials during the detection (Adachi 
et al., 2010; China et al., 2013; Turpin et al., 2000). Online techniques and 3D models accounting for the mixing 
structures of BC were developed to predict the particle Eabs (Hu et al., 2021; Wang et al., 2021). Though the 
adequate representation of the real-world mixing states for particles could increase the accuracy in predicting the 
absorption by aerosols, the complex mixing structures (attached, embedded, collapsed, etc.) for the incomplete 
coated particles are difficult to quantify and implement in the global climate and aerosol models. Modeling 
studies showed that the particle-to-particle heterogeneity in composition had impacts on the population-level Eabs 
(Fierce et al., 2017, 2020; Matsui et al., 2018).

Recently, a particle-resolved method to predict the Eabs was developed by considering the distribution of BC 
coating thickness, which could successfully predict the Eabs consistent with the observations (Zhai et al., 2022). 
In the current study, the same data set was considered and we extended the previous work to a case study that 
focused on the relationship between particle aging and the Eabs. We directly observed a dynamic track of the 
aging processes for BC particles based on online measurements of absorption enhancement, mixing state, and 
chemical composition for the ambient particles in Shanghai, China. We demonstrate a transitional stage of the 
Eabs for particles with the non-BC-to-BC mass ratio (RBC) at ∼2 in the field observation. The absorption enhance-
ment was minor (∼14%) when the RBC < 2, as there were insufficient coating materials to encapsulate the BC 
core. We also consider explicitly the importance of considering mixing state on a per-particle level rather than an 
ensemble-level perspective. By tracking the evolution of the fresh BC particles, the predicted Eabs based on the 
particle-resolved core-shell Mie theory model showed a consistent transitional stage. The secondary inorganic 
species played the dominant role in the coating materials to enhance the “lensing effect” of BC-containing parti-
cles. Our study directly verified the transitional stage of particle Eabs caused by the mixing states in the ambient, 
which should be considered in predicting the Eabs of BC particles.

2. Methods
2.1. Field Measurements

The field observation campaign was performed at Fudan University (31°14’°N, 121°29’°E), located in an urban 
area in Shanghai, China. The sampling time was from 1 January to 19 January 2017. The overview of the field 
campaign has been introduced elsewhere (Zhai et  al.,  2022) and the schematic of the experimental setup is 
provided in the (Figure S1 in Supporting Information S1). The instrumentation system includes the measure-
ments of optical properties, mixing states, and chemical compositions for the ambient particles.

2.1.1. Optical Measurements

Since BC is typically considered refractory, the heating method is therefore used to remove the part of the volatile coat-
ing materials and leave behind the non-volatile particle core (Wehner et al., 2002). Evaporation of the non-refractory 
materials is induced by heating the sampled ambient particles through a thermodenuder (TD). The heating tempera-
ture in this work was set at 300°C to evaporate the volatile coatings of particles. An actuated ball valve was upstream 
of the TD and switched between the bypass mode and the TD mode on a 10 min cycle. Two sets of TDs were utilized 
in this work, one was set before the optical detection, and the other was used in the particle sizing system.

A self-built cavity ring-down spectrometer at 532 nm wavelength and an integrating nephelometer (Model 3563, 
TSI Inc.) were used to detect the extinction coefficient (bext) and scattering coefficient (bscat) for particles, respec-
tively (Anderson et al., 1996; Anderson & Ogren, 1998; Bond et al., 2009; Li, Chen, et al., 2011). The absorp-
tion coefficient (babs) resulted from deducting the bscat from the corresponding bext (Onasch et al., 2015). The 
CRDS-Nephelometer system switched between the bypass unheated and the TD heated particles every 10 min. 
The absorption enhancement, Eabs, was calculated as the ratio between the babs observed for the ambient particles 
passing through the bypass line and the babs observed for particles passing through the TD:

𝐸𝐸abs =

(

𝑏𝑏abs, bypass(𝑡𝑡 − 1) + 𝑏𝑏abs, bypass(𝑡𝑡 + 1))∕2

𝑏𝑏abs,TD(𝑡𝑡)
 (1)
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Though thermal desorption has been widely used to separate the coating and core materials of particles, incom-
plete volatilization of non-BC materials could occur. The effects of residual coatings on the Eabs for particles 
depend on the amounts and optical properties of the residual materials (Cappa et al., 2013; S. Liu et al., 2015). 
Extremely low volatile species include non-absorbing inorganics (e.g., chlorides and sulfates), and light-absorbing 
organics (i.e., brown carbon) (Saleh et al., 2014). With the stronger light-absorbing capacity of residual materials, 
a bigger underestimation could be existed by the observed Eabs (S. Liu et al., 2015). However, the light-absorbing 
organics preferentially absorb at short wavelengths (Andreae & Gelencsér, 2006), and might be insensitive at 
532 nm wavelength which we used to detect the absorption coefficient in this study.

2.1.2. Mixing States

A custom-built volatility tandem differential mobility analyzer (V-TDMA) was used to determine the size-resolved 
aerosol mixing state (Ye et al., 2009). The monodisperse aerosols with mobility diameters of 40, 70, 100, 150, 
200, 300, and 350 nm were selected via the upstream differential mobility analyzer (DMA) and were passed to 
the TD section at 300°C. The residual particles were then sent to the scanning mobility particle sizer (SMPS) 
system to detect the residual non-volatile particle size distribution. The V-TDMA was operated alternatively 
between the unheated SMPS mode and the heated DMA-SMPS mode. Non-BC particles that are low-volatile 
may exist after heating (Cheung et al., 2016). Thus, number fractions of the non-BC-containing particles detected 
by the single-particle aerosol mass spectrometer (SPAMS) were taken into consideration to reduce the uncer-
tainty brought by the entire evaporation in the heating process (Zhai et al., 2022).

2.1.3. Single-Particle Chemical Compositions

The aerosol chemical compositions were examined by a SPAMS (Hexin Instrument Co., Ltd.). Detailed infor-
mation about the SPAMS has been reported previously (Li, Huang, et al., 2011; Zhai et al., 2017). Based on 
the similarities of the mass-to-charge ratio (m/z) and peak intensity, ambient particles were clustered using an 
adaptive resonance-theory-based neural network (ART-2a) algorithm with a vigilance factor of 0.85, a learn-
ing rate of 0.05, and 20 iterations. Elemental carbon ion clusters have been considered important markers for 
BC-containing particles. According to their mass spectral patterns, the BC-containing particles were furtherly 
grouped into six particle types (BC-SO4, BC-NO3, BC-NH4, BC-fresh, BC-biomass burning, i.e., BC-BB, 
BC-OC, BC-oxygenated OC, i.e., BC-OOC). The naming of a particle type is based on some of the dominant 
chemical species in an attempt to keep the names short. The average mass spectral patterns of each particle type 
are shown in Figure S2 in Supporting Information S1.

2.2. Model Prediction

2.2.1. Particle-Resolved RBC and Eabs

The methodology of the particle-resolved RBC based on the V-TDMA system and the calculation of the 
particle-resolved Eabs has been introduced previously (Zhai et al., 2022). Briefly, assuming that the BC-containing 
particles exist with a “core-shell” structure, the mass ratio of the volatile coating and non-volatile core of 
BC-containing particles (RBC) is calculated as:

𝑅𝑅BC =
𝑀𝑀coating

𝑀𝑀core

=

(

𝑉𝑉particle − 𝑉𝑉core

)

𝜌𝜌coating

𝑉𝑉core𝜌𝜌core

=

(

𝑑𝑑3
particle

− 𝑑𝑑3
core

)

𝜌𝜌coating

𝑑𝑑3
core𝜌𝜌core

 (2)

where Mx, Vx, and ρx are the mass, volume, and material density of the coating and core for the BC-containing 
particles, respectively. The ρcoating is 1.5 g cm −3, while the ρcore is 1.8 g cm −3 (Cappa et al., 2012). Here, the 
assumption is based on the core-shell structure of spherical BC-containing particles. Thus, the volume equivalent 
diameter, which should be put into Equation 2, can be substituted by the particle mobility diameter.

The core-shell Mie theory model is performed to calculate the theoretical Eabs for the BC-containing particles. 
The calculations are adapted from the Fortran code of Bohren and Huffman (1983). Inputs for the model include 
the refractive indexes of the core and coating materials, the diameters of the overall BC-containing particle and 
the inner BC core, and the size distribution of the BC-containing particles.

Here, the size of the overall BC particle was the selected diameter by the first DMA in the V-TDMA system, and 
the size of the inner core was derived either by considering the bulk RBC or by applying the residual particles size 

 19448007, 2022, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
101368 by South U

niversity O
f Science, W

iley O
nline L

ibrary on [09/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

ZHAI ET AL.

10.1029/2022GL101368

4 of 9

distribution (dc) from the SMPS system. For the first case, all the BC cores are assumed to be equally coated by 
the volatile coating materials, and the inner core (dcore) is calculated following the equation:

𝑑𝑑core (1,2) = 3

√

𝜌𝜌coating
(

𝑅𝑅BC𝜌𝜌core + 𝜌𝜌coating

)𝑑𝑑
3

particle (3)

For the second case, the diameter of the BC core was calculated according to the residual particle distribution 
after heating. By multiplying the dparticle by the shrink factor (SF), the resulting dcore,2, which was also used in the 
particle-resolved RBC calculation, was applied to the core-shell Mie model. Detailed information about calcula-
tion of the particle-resolved RBC and Eabs is in Supporting Information S1.

2.2.2. Aggregate Model

The aggregate model used in this work is based on previous studies (Wu et al., 2012, 2018). Briefly, the aging 
scale of BC aerosol is determined by the mass of BC and non-BC species. The fractal parameters of aggregated 
BC particles are different in terms of their aging states. The fractal prefactor (k0) is assumed to be 1.2, and the 
fractal dimension (Df) is 1.8, 2.4, and 2.8 for partly coated (including bare), partially encapsulated, and heavily 
coated states, respectively. The monomer number of the individual BC particles is derived from the BC mass. 
In the partly coated states, the thickness of the non-BC coating for each monomer can be calculated from the 
non-BC mass. The superposition T-matrix method, based on the random-orientation cross sections and scatter-
ing matrices for particle clusters, was used to calculate the optical properties of particles in the aggregate model 
(Mackowski & Mishchenko, 2011).

2.3. Other Measurements

The HYSPLIT-4 (Hybrid Single-Particle Lagrangian Integrated Trajectory) model developed by the Air 
Resources Laboratory of the NOAA (National Oceanic and Atmospheric Administration), USA, was employed 
to compute hourly resolved 48 hr air mass backward trajectories at 50 m arrival height. The mass concentration 
of PM2.5 was provided from the Shanghai Pudong Environmental Monitoring Station, which is in the southeast 
direction and ∼10 km away from the sampling site.

3. Results
3.1. Dynamic Variation of the Eabs

The observed Eabs and population-averaged RBC for the total sampling time were reported previously (Zhai 
et al., 2022). The frequency distribution of the observed Eabs is shown in Figure S3 in Supporting Information S1. 
In this study, a typical case from clean to polluted weather period was selected to study the aging process for the 
ambient BC-containing particles (1/7–1/8/2017) and a subset of the measured data was re-analyzed and used. 
The HYSPLIT backward trajectory model was applied (Figure 1a) and showed that the air masses arriving at 
the sampling site changed suddenly during this sampling case. From 0:00 to 20:00, 1/7/2017, the air masses 
from the East China Sea were relatively clean (average mass concentration of PM2.5 ∼ 6.9 μg m −3). Source of the 
BC-containing particles during this time was dominated by the local emission, which was mainly traffic-related. 
The air mass trajectories then rapidly changed to the northwest direction at 21:00, 1/7/2017. The changed trajec-
tories were near the ground level (<200 m height) and passed across the intensively industrialized areas in North 
China Plain, bringing a mass of particles and the mass concentration of PM2.5 increased sharply to 105.0 μg m −3 
at 10:00, 1/8/2017.

Time series was applied to show the time track of the Eabs as a function of the population-averaged RBC (Figure 1b). 
The turning point of the Eabs was consistent with the time when the trajectories of air masses changed (1/7/2017 
21:00). Before that, the observed Eabs of particles dominated by the local emission was 1.14 ± 0.05 and the RBC 
was 1.23 ± 0.27 on average (Stage 1), which was in accord with the results of fresh traffic emission observed in 
both laboratory and ambient measurements (D. Liu et al., 2017). As the polluted air mass arrived, a transitional 
stage was observed during the studied case. The observed RBC sharply increased from ∼2.53 at 20:00 1/7/2017 
to ∼5.32 at 21:00 1/7/2017. For Stage 2, the observed Eabs and RBC of particles increased to 1.91 ± 0.18 and 
6.12 ± 1.27 on average, respectively.
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During Stage 1, the observed Eabs of particles increased slightly when the RBC values were small. The assumption 
of a spherical particle and a core-shell structure may overestimate the Eabs of incompletely coated BC in the theo-
retical calculation from a single-particle level. More realistic mixing structure treatments on the BC-containing 
particles in the real world may help solve the discrepancy of the Eabs. The aggregate model using the superpo-
sition T-matrix method was applied to predict the Eabs of particles based on their morphological features (Wu 
et al., 2018). Our direct observation of the Eabs in Stage 1 matches with the results from the aggregate model (blue 
dash line in Figure 1b). As the RBC increased (Stage 2), the predicted Eabs for particles by the aggregate model 
fell behind our observed results. The Eabs values using the core-shell Mie theory based on both the classical 
uniformly distributed coating hypothesis and the particle-resolved coating distribution from our observations 
were calculated respectively. The scenario of the enhanced absorption by the uniformly distributed coating was 
modeled based on the bulk RBC to generate the absorption enhancement (Eabs, uniform). Under the assumption of 
equally distributed coating materials across the particle population, the ensemble-average Eabs, uniform values at the 
RBC below ∼5 were much higher than our observed results. The SF (detected by the V-TDMA) corrected distri-
bution of particle diameter was put into the core-shell Mie theory to calculate the particle-resolved absorption 
enhancement (Eabs, resolved). Compared to the Eabs, uniform, the Eabs, resolved agreed better with the observations. It's also 
worth noting that, for Stage 1, the results from the aggregate model matched better with the observed values, 
compared with those from the particle-resolved core-shell Mie model, with Root Mean Square Error (RMSE) of 
0.05 for the aggregate model and 0.11 for the particle-resolved core-shell Mie model, respectively. The aggregate 
model predicts better results when the RBC < 2 as it is based on multiple mixing structures of particles, while 
the particle-resolved model assumes a single core-shell structure for particles though it has accounted for the 
particle-to-particle coating distribution. Even so, compared with the conventional core-shell Mie model based 
on the uniform RBC, we assume the particle-resolved core-shell Mie model is a step forward. The prediction of 
the Eabs, resolved is still acceptable as the RMSE for the traditional core-shell Mie theory was 0.36 in Stage 1. The 
dynamic variation of the Eabs observed in the field here confirmed that the individual particles changed from 
incompletely coated (attached, embedded, irregularly coated, etc.) to fully coated structures.

3.2. Evolution of the Fresh BC

The step-up-like Eabs with increasing RBC in the rapidly changed weather condition could be a combination of 
two scenarios. One is the inburst of transported BC particles that were deeply aged with thick coating. The 

Figure 1. Dynamic aging process of the Eabs for BC-containing particles during the studied case. (a) The HYSPLIT 48-hr air mass backward trajectories at 50 m arrival 
height ending at 07:00 Universal Time Coordinated on 9 January 2017 in Shanghai. Color scales denote the mass concentration of PM2.5 (top) and the height of the 
trajectories (right) during the case. (b) Time track of the Eabs as a function of RBC for the case study. The circles represent the observed results. Core-shell Mie theory 
model simulations based on the uniform RBC (black squares) and the particle-resolved RBC (gray squares) and the morphology-related aggregate model (blue dash line) 
are applied. Color scale denotes the time series during the case. Error bars denote a standard deviation.
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other one is that the local BC particles grew to the magnitude to produce such high Eabs with aging. Here, the 
particle-resolved core-shell Mie model was applied to help distinguish these two scenarios.

During the sampling time, a bimodal distribution of SF, which was defined as the ratio of uncoated particle size 
(dc) distribution after heating at 300 oC to the selected size (dp) of unheated particles, was observed (Figures 2a 
and 2b). The bimodal SF distribution implies heterogeneously distributed coating material across the particle 
population (Zhai et al., 2022). We attribute the two SF modes to two distinct sources: the local traffic emissions 
from urban Shanghai, which were dominated by the baerly or thinly coated BC particles (i.e., Mode 1), and the 
long-range transport air masses from northern China that passed across the densely coal-burning and industrial 
areas, taking along BC-containing particles that are deeply aged with thick coatings (i.e., Mode 2). The distri-
bution of SF can reflect the relative coating thickness (RCT) distribution (1−dc/dp) reversely. Bimodal Gaussian 
fitting was applied to each RCT distribution. For Mode 1, the peak value of the RCT distribution increased from 
0.04 in Stage 1 to 0.28 in Stage 2 (Figure 2b). The freshly emitted BC particles grew to larger sizes and mixed 
with the aged BC particles.

To further distinguish and track the aging process of the locally emitted BC particles, we put the SF corrected 
distribution of particle diameter for the two modes separately into the core-shell Mie theory to calculate the 
Eabs, resolved. As the polluted air mass arrived, the Eabs, resolved for Mode 1 has the same transitional stage as the 
observed Eabs, that is, at the RBC of ∼2 (black squares shown in Figure 2c). However, for Mode 2, the Eabs, resolved 
varied in a stable interval (with the averaged value of 2.45 ± 0.15, gray squares shown in Figure 2c). The Eabs and 
RBC for the aged mode showed little variation with the polluted air mass arriving. We suppose the time track of 
the fresh mode (Mode 1) is direct proof of the local BC particles aging from the incomplete coating to the fully 
coated morphology observed in the field measurements.

3.3. Chemical Compositions of Individual BC-Containing Particles

Single-particle chemical compositions for the BC-containing particles also showed a step-up-like behavior during 
the studied case (1/7–1/8/2017). The fresh BC particles (BC-fresh type) classified from the single-particle mass 
spectrometry are characterized by the carbon clusters (Cn +/−, usually n > 6), which is a typical mass pattern from 
the fresh BC emission (Zhai et al., 2015). Time series of the chemical compositions for particles verified that 
BC-fresh accounted for ∼35% in proportion in the beginning stage of clean weather (Figure 3a). With the air 
mass trajectory changing, the fraction of BC-fresh decreased to ∼10%, while the BC-OOC fraction increased 
by ∼100%. For the inorganic groups, the BC-SO4 type presented a significant increase from ∼10% (Stage 1) to 

Figure 2. Predicted Eabs for different populations of BC-containing particles. (a) The shrink factor (dc/dp, dp = 150 nm) distribution during the studied case. Color scale 
denotes the normalized dN/dlogdp. Bimodal Gaussian fitting is applied to each relative coating thickness (RCT) distribution. Peak values for each mode are marked 
(yellow triangles for Mode 1 and yellow circles for Mode 2). (b) Average RCT (1−dc/dp, RCT) distribution for Stage 1 (upper) and Stage 2 (lower) detected by the 
volatility tandem differential mobility analyzer system during the studied case. Bimodal Gaussian fitting is applied to each RCT distribution. (c) The predicted Eabs 
based on particle-resolved RBC for Mode 1 (black squares) and Mode 2 (gray squares). The circles represent the observed results. The morphology-related aggregate 
model (blue dashed line) is applied. Error bars denote a standard deviation.
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∼50% (Stage 2). In comparison, the fraction of BC-NO3 decreased by ∼30%. Guo et al. (2014) reported that in 
urban areas, sulfate forms primarily through the atmospheric oxidation of SO2 which was emitted mainly from 
coal-burning and industrial sources, while nitrate derives from NOx which was emitted mainly from the local 
vehicles and power plants. We attribute the increased fraction of BC-SO4 to the regional transport of the aged 
particles.

We further analyzed the relative signal intensity of specific components in terms of BC-fresh. The relative inten-
sity ratio (relative intensity during the case/average relative intensity for the whole sampling period) was used 
to uniform the intensity range for different species. The sum of relative signal intensity for typical species (at 
specific m/z) was used to represent OC (m/z 29 [C2H3 +], 29 [C2H5 +], 51 [C4H3 +], 77 [C6H5 +], −26 [CN −]) and 
OOC (m/z 43 [CH3CO +], −57 [C2HO2 −], −89 [C2O4H −]) in fresh BC particles, while that of m/z −97 [SO4 −], −62 
[NO3 −], and 18 [NH4 +] were selected to represent the sulfate, nitrate, and ammonium, respectively (Figure 3b). 
The inorganic species increased markedly with the air mass trajectory changing, indicating that the secondary 
inorganic species could be the key factor in the rapid increase of the Eabs for BC particles in their aging evolution. 
Compared to the markable increment of the inorganic species, the relative intensity ratio of OOC steadily went up 
during the BC evolution (∼30% increment), which was independent of the different air masses. The signal inten-
sity of OC decreased by ∼50% as the air mass changed. These less oxygenated OC species could be the primarily 
co-emitted components with fresh BC particles (Zhai et al., 2017).

Chemical compositions of coatings can affect BC's morphology and mixing state. It has been reported that 
the intermediate-volatility chemicals produce concave junctions in between monomers, resulting in prompt 
restructuring of BC over the uniform coatings on the aggregates produced by the low-volatility materials (Chen 
et al., 2018). In this study, the secondary sulfate was dominated in the coating materials, and the reconstruction 
of the aggregates was slow. In this way, the transitional stage of BC might be earlier if the coating materials were 
dominated by organic species.

Figure 3. Chemical analysis of the BC-containing particles detected by the single-particle aerosol mass spectrometer 
(SPAMS). (a) Number fractions of different BC-containing types of particles during the case. (b) Time series of the relative 
intensity ratio for the specific components in BC-fresh particles. The relative intensity of the specific components was 
detected by the SPAMS. The relative intensity ratio refers to the ratio of relative intensity during the case to the average 
relative intensity during the whole sampling period. Here, OC is the sum of the representative organic species (m/z 29 
[C2H3 +], 29 [C2H5 +], 51 [C4H3 +], 77 [C6H5 +], −26 [CN −]), OOC represents the sum of the oxygenated organic species 
(m/z 43 [CH3CO +], −57 [C2HO2 −], −89 [C2O4H −]), SO4 − represents m/z −97 [SO4 −], NO3 − represents m/z −62 [NO3 −], and 
NH4 + represents m/z 18 [NH4 +].
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4. Conclusions and Discussions
From a case study of the field measurements in which BC particles showed dramatic variation in mixing states, 
we found a transitional stage at RBC ∼ 2 to constrain the mixing structures of BC particles, which should be 
considered in predicting the BC absorption enhancement factor. When the RBC <  ∼ 2, the coating materials for 
particles were insufficient to encapsulate the BC core and the Eabs were small. When the RBC >  ∼ 2, the Eabs 
increased with increasing RBC as BC cores were mostly fully covered by coating materials at this stage. The 
direct observations and improved optical model simulations presented in this work highlight the importance of 
particle-resolved mixing state on the Eabs of BC particles as well as the global radiative forcing assessment of BC 
aerosols.

Multiple studies sampled both in the field and laboratory have verified the incompletely coated structures (attached, 
embedded, collapsed, etc.) of BC-containing particles. Models based on such morphological features predict 
consistent results with the observed values. Though the adequate representation of the real-world complexity of 
the aerosol mixing state could increase the accuracy in predicting the aerosols, the complex mixing structures 
for the incomplete coated particles are difficult to quantify and implement in the large-scale climate and aerosol 
models in terms of the radiative absorption of aerosols. Here, we assume that the applicable range of this aggre-
gate model in predicting the absorption enhancement should be RBC <  ∼ 2 (before the transitional stage), above 
which particles age to a fully coated structure and the core-shell Mie theory could be satisfied to predict the Eabs 
of particles. It's worth noting that, it has been found the heterogeneity of RBC within a particle population could 
lead to the discrepancy between the observed and predicted Eabs. Here, we suppose the single mechanism of the 
particle-resolved mixing state could help solve most cases in the absorption enhancement prediction. Thus, both 
the morphology-related Eabs and the coating heterogeneity influenced Eabs have indicated that the mixing state 
of particles should be better resolved in the large-scale models to add confidence when evaluating the aerosol 
radiation effect.

Data Availability Statement
The original code used for the Mie theory calculation is in Bohren and Huffman (1983). The method and code of 
the aggerate model are adapted from Wu et al., 2018. The ART-2a code used for the single-particle mass spectra 
clustering is available at https://doi.org/10.5281/zenodo.7092324.
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