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Abstract

Black carbon (BC) is a strong climate forcer, but considerable uncertainty remains in
estimating its radiative impact, largely due to persistent gaps between observed and
modeled light absorption enhancement (Eaps). In this study, we employed a Centrifugal
Particle Mass Analyzer and Single Particle Soot Photometer tandem system to
characterize mass ratio (Mg, coating-to-BC) of BC-containing particles in Hangzhou,
China. Observations across a field campaign revealed low, medium, and high Eaps
values under varying atmospheric conditions. The uniform core-shell Mie model
overestimated Eaps, particularly during clean periods (low Eaps). To address this, we
developed an observationally constrained parameterization for transition-state particles
based on Mg-dependent optical transitions behaviors. This approach effectively
reconciles modeled and measured Eans across varying pollution conditions. It also
emphasizes the importance of incorporating Mr heterogeneity and transition-state
optical behavior to improve BC light absorption estimates and reduce uncertainties in
assessing radiative effects.

1 Introduce

Black carbon (BC) is a strongly light-absorbing aerosol that effectively absorbs
solar radiation, warms the atmosphere, and contributes to direct radiative forcing (DRF)
(Bond and Bergstrom, 2006; Seinfeld, 2008). According to IPCC assessments, the
global effective DRF of BC ranges from —0.28 to 0.41 W/m? (Szopa et al., 2021). To
represent the effect of BC particle coatings on absorption, most climate models (Bauer
etal., 2013; Chen et al., 2024; Stier et al., 2005; Wang et al., 2023; Zhang et al., 2025b)
estimate BC light absorption enhancement (Eabs) using Mie theory, defined as the ratio
of absorption by coated BC to that of uncoated BC cores, under the assumption of a
uniform core-shell structure where BC core is fully encapsulated by coating materials.
This approach predicts a monotonic increase in Eaps with the coating-to-core mass ratio
(MR), often reaching values up to ~2, consistent with laboratory results (Peng et al.,
2016) and the pyroCb smoke (Beeler et al., 2024). However, field observations
commonly report lower Eaps values, typically around 1.4 and sometimes as low as 1.09
(Cappa et al., 2012; Huang et al., 2024), although some studies have found moderate
Eas values, with maxima reaching approximately 1.5 (Liu et al., 2015b). This
discrepancy mainly stems from the oversimplified assumptions in Mie theory, which
fail to capture the real atmospheric complexity in BC size distribution, coating
configuration, and mixing state (Wang et al., 2021c). Previous microscopy-based
single-particle studied (e.g., TEM and SEM) have visually demonstrated that the
ambient BC particles exhibit diverse coating structures and highly heterogeneous
mixing states, providing direct evidence of deviation from the idealized core-shell
assumption (Adachi et al., 2010; Adachi and Buseck, 2013; China et al., 2013; Wang et
al., 2021c). Although microscopy techniques are not employed in this work, these
findings highlight the importance of realistically representing BC mixing state and
coating characteristics when modeling optical properties. The mismatch between model
assumptions and observations has motivated efforts to refine the conceptual modeling
approaches for BC aging and coating evolution, which forms the focus of this study.
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A number of studies have explored the discrepancies in BC Eaps from various
perspectives. Particle-resolved modeling has demonstrated that both particle-to-particle
heterogeneity in Mr and deviations from the idealized core-shell structure can strongly
influence absorption estimates (Fierce et al., 2020). In particular, non-uniform or partial
coatings at low MR can lead to the overestimation of Eans by traditional core-shell
models. However, these factors alone tend to cannot explain the low FEaps frequently
observed under high Mr conditions (Huang et al., 2024). Atmospheric BC particles also
exhibit substantial variability in their internal mixing state during aging. Fresh BC
exhibit a branched structure that collapses into compact shapes with reduced light
absorption cross-sections during aging (Moteki and Kondo, 2007; Romshoo et al., 2024;
Li et al., 2024; Radney et al., 2014; Corbin et al., 2023). Early aging stage feature
uneven coatings, while aged particles show BC core either encapsulated or located near
the particle surface (Zhang et al., 2008; Adachi and Buseck, 2013). These aging features
are consistent with single-particle observations showing the progressive collapse and
coating thickening of BC aggregates during atmospheric processing (Adachi et al., 2016;
Ueda et al., 2016), which support the conceptual framework adopted in this study.
Recent studies further suggest that the proportion of non-spherical BC particles and the
position of the BC core may be key factors contributing to low Eabs, leading to an
overestimation by core-shell model (Huang et al., 2024; Chen et al., 2024; Zhang et al.,
2022). Although this study does not involve direct microscopic measurements or
detailed particle-resolved modeling, our work aims to refine the conceptual
representation of BC aging and coating evolution to better capture Mr-related optical
behavior under ambient conditions.

In this study, a suite of state-of-the-art instruments were employed to
simultaneously capture the magnitude and temporal of BC Mr in Hangzhou, China
(Zhang et al., 2025a; Qian et al., 2025). The ratio of SP2-measured single-particle
scattering cross sections to the core-shell Mie theory simulated values was used as an
observational proxy to characterize Mr-dependent optical transitions of BC-containing
particles (Liu et al.,, 2017a; Liu et al., 2020). Field measurements revealed the
coexistence of high, medium, and low Eaps under high bulk-averaged Mr conditions.
Based on these observations, the influences of Mr heterogeneity and Mr-dependent
optical behavior were quantified to reconcile discrepancies in Eas between model
predictions and field observations. Subsequently, an observationally constrained
parameterization for “transition-state” BC-containing particles was refined to better
reproduce measured Eaps under different ambient atmospheric conditions. This study
underscores the importance of simultaneously accounting for Mr heterogeneity and Mr-
dependent optical transitions when predicting Eaps, offering insights that can help reduce
uncertainties in estimates of BC direct radiative forcing.

2 Methods

2.1 Overview of the field campaign and instrumentation

The field measurements were conducted at the Central Air Quality Assurance
Monitoring Station (30.25°N,120.24°E) in Hangzhou from 3th Sept., 2023 to 13th Oct.,
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2023. The sampling site is located just 100 meters from the Qiantang River in the
western part of Hangzhou, with major traffic routes within 3 kilometers to the northeast
and southwest of the station. The schematic of the instrumentation is provided in Fig.
S1. Aerosols were sampled after passing through a PM»s impactor and then dried
through a diffusion dryer before reaching subsequent instruments.

The mass of a BC-containing particle (M,) and of the BC core (MBc core) Were
simultaneously obtained by a Centrifugal Particle Mass Analyzer (CPMA, Cambustion)
and a single-particle soot photometer (SP2, DMT Inc.) tandem system. The CPMA
classifies particles according to their total mass and has been described in detail by
Olfert and Collings (2005). According to the instrument manual, the mass accuracy of
the CPMA is approximately 5%. The SP2 measures particle incandescence and
scattering to determine BC core mass and optical properties (Stephens et al., 2003;
Moteki and Kondo, 2010; Gysel et al., 2011; Schwarz et al., 2022), and the uncertainty
associated with the SP2-derived BC core mass (MBc core) 1S approximately 10%
(Laborde et al., 2012). Previous studies have applied the tandem CPMA-SP2 set up
(Cross et al., 2010; Liu et al., 2022; Naseri et al., 2022; Zanatta et al., 2025). In this
work, SP2 was calibrated using size-resolved Aquadag aerosols (DMT, 2011) (Fig. S2¢
and d) following the procedures described by Baumgardner et al. (2012) and Laborde
et al. (2012). In this setup, particles with known mass (M,) selected by CPMA were
injected into the SP2.

The CPMA was operated over M, setpoints ranging from 0.9 fg to 30 fg,
logarithmically spaced into ten intervals (0.93 fg, 1.37 fg, 2.02 fg, 2.97 fg, 4.36 fg, 6.40
fg, 9.39 fg, 13.78 fg, 20.22 fg and 29.68 fg), then the mass of BC core was measured
by SP2. The duration of one set point cycle was 1 hour, with each M, point sampling
for 5 minutes, and all M, points was sampling for total of 50 minutes. The remaining
10 minutes were divided into 4 minutes for instrument stabilization and 6 minutes for
measuring all BC-containing particles when the valve was switched to the single SP2
line. During further data analysis, particles with M, = 0.93 fg and M, = 1.37 fg exhibited
excessively noisy scattering signals, likely due to weak signal intensity and low signal-
to-noise ratio for small particles, and were therefore excluded from subsequent
statistical analysis.

In the subsequent data processing, measurements from the CPMA-SP2 system
were first corrected for multiple charging effects using a peak-resolved subtraction
approach. An X-ray aerosol neutralizer (TSI 3088) installed upstream of the CPMA
produced a known bipolar charge distribution, resulting in discrete mass modes
corresponding to singly and multiply charged particles in the CPMA mass spectra. The
CPMA transfer function was calculated based on the CPMA geometric and operational
parameters, with a set mass resolution Rn=8 (Text S1), ensuring that charge-dependent
mass modes were sufficiently resolved. Under these conditions, mass peaks attributable
to multiply charged particles (q > 1) could be explicitly identified based on their
expected mass-to-charge relationships and quantitatively subtracted, while the singly
charged mode corresponding to the CPMA setpoint was retained for subsequent
analysis. This peak-resolved subtraction represents a simplified, charge-resolved
inversion, which differs from full matrix-based inversion schemes (Naseri et al., 2024;
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Naseri et al., 2021) , but is appropriate when charge-dependent mass modes are well
resolved and non-overlapping. Additional corrections, including SP2 detection
efficiency, and instrumental time delay, were applied as described in Text S1. The mass
of'each BC core (Mpc core) Was then calculated from the SP2 incandescence signal using
the calibration described above, with a correction factor of 0.75 applied to the peak
height (Liu et al., 2020; Liu et al., 2014; Zhang et al., 2018; Gysel et al., 2011). The
SP2 scattering signal was calibrated with polystyrene latex spheres (PSL) of known
sizes (210 nm, 270 nm and 310 nm) (Fig. S2b). Additionally, the calibration of the
scattering and the incandescence channels was performed before and after the
measurement campaign.

The mass concentrations of non-refractive OA, nitrate, sulfate, ammonium and
chloride was measured by time-of-flight aerosol chemical speciation monitor with
extended resolution (ToF-ACSM X, Aerodyne). Instrument principles, calibration
procedures, and operational details for the ToF-ACSM X are described in a previous
study of ours (Zhang et al., 2025a). The aerosol extinction and scattering coefficient
(Fig. S3) at wavelength of 440, 530 and 630 nm were measured by Multi-Wavelength
Cavity Attenuated Phase Shift Single-Scattering Albedo Monitor (CAPS-ALB,
Shoreline) (Weber et al., 2022). Absorption was calculated as the difference between
extinction and scattering, with estimated uncertainties of ~1-10% for both extinction
and scattering (Modini et al., 2021), leading to a conservative absorption uncertainty of
~15-20% for the submicron BC particles considered. No explicit truncation correction
was applied, as the analysis focuses on the relative enhancement of absorption with Mg
rather than absolute values. In this study, only the measurements at 630 nm were used
for subsequent analysis, as this wavelength is minimally affected by brown carbon
absorption. Besides, the aerosol scattering coefficient at wavelength of 450 nm, 525 nm,
and 635 nm was also measured by Multi Wavelength Integrating Nephelometer
(Abbreviation: Nephelometer, Aurora 3000, Acoem) (Schloesser, 2016). The slope of
the scattering coefficient measured by CAPS-ALB and Nephelometer at corresponding
wavelength was close to 1 (Fig. S4), indicating the all data are reliable for further
analysis. Besides, before sampling, the scattering coefficient of CAPS-ALB and
Nephelometer at every wavelength was calibrated using PSL spheres. Monodisperse
PSL particles of different diameters (100 nm, 150 nm, 200 nm and 300 nm) were
selected using a Differential Mobility Analyzer (DMA) and introduced into the
instruments, enabling accurate measurement of their scattering cross section (Csca). The
slope of the Csca measured by CAPS-ALB (or the Nephelometer) and modeled by Mie
theory was close to 1 (Fig. S5), indicating the reliability of the CAPS-ALB and
Nephelometer. The lower detection limit of the Nephelometer at all three wavelengths
was 0.3 Mm™! with a 60-second integration time, while that of the CAPS-ALB was 1
Mm! with 30-second integration time.

2.2 Mixing state and Mr-dependent optical transitions of the particle-resolved BC-
containing particles

Under the assumption of singly charged particles, the mixing state of a single BC-
containing particle can be represented by the mass ratio of the BC coating to the BC
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core, without relying on assumptions about particle morphology or coating structure,

Mg = (Mp - MBC_core)/MBC_core (1

where M, and MBc core Were the total mass and the BC core mass of each BC-containing
particle, respectively. Considering the uncertainties of M, (5%) and Mgc core (10%), the
uncertainty of Mr for a single BC-containing particle was approximately 11% (Text S2).
Then Mr was converted to the bulk-averaged Mr to be compared with the measured
Eaps in bulk particles by summing of total coating and BC core mass of BC-containing
particles each hour,

bulk — averaged My = Z2rMbc core ©)
Zi MBC_core,i

where i was the i single BC-containing particle. Propagating these uncertainties to the
hourly mass-weighted calculation resulted in an uncertainty of approximately 7% for
the bulk-averaged Mr (Text S2). The data measured by CPMA-SP2 were corrected via
several steps, including (1) correction of delay time, (2) multi-charged particles and (3)
collection efficiency (for details, see Text S1).

The Mr-dependent optical transitions of BC-containing particles were further
derived from SP2 measurements at a wavelength of 1064 nm. In the CPMA-SP2 system,
when both M, and MBc core are known, the modeled scattering cross section (Csca_modeled)
of BC-containing particles can be derived using Mie theory (Wang et al., 2021a). This
calculation assumes a core-shell structure, with the BC core having a refractive index
of 2.26-1.26i (Liu et al., 2017a; Zhao et al., 2020) and the non-absorbing coating
characterized by a refractive index of 1.48 and a density of 1.5 g cm ™ at a wavelength
of 1064 nm (Liu et al., 2015a). The measured scattering cross section (Csca measured) Was
obtained from the SP2 using the leading-edge-only (LEO) technique, which
reconstructs the scattering signal as BC-containing particles pass through the SP2 laser
beam due to partial evaporation of refractory-absorbing material. The validity of this
reconstruction relies on the assumption that the leading-edge data used for fitting
represents an unperturbed particle, as extensively reported in previous studies (Liu et
al., 2014; Zhang et al., 2016; Brooks et al., 2019; Gao et al., 2007; Zhang et al., 2020).
Note only particles with successfully fitted LEO signals are considered in the optical
property calculations. By comparing Csca measured With Csca modeled, the Mr-dependent
optical behavior of BC-containing particles can be inferred, particularly for transition-
state particles. This comparison captures how variations in coating-to-core mass ratio
influence scattering, providing observational constraints on the optical evolution of BC
during aging (Liu et al., 2017a; Liu et al., 2020). Further methodological details are
provided in Section 3.

2.3 The measured and modeled Eaps

The light absorption enhancement of BC-containing particles is defined as the ratio
of the mass absorption cross section (MAC) of the coated and uncoated BC-containing
particles (Eg. 3), Here, MAC is defined as the particle light absorption cross section
normalized by the BC mass, representing the light absorption per unit mass of BC.
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MA CBC_coated_measured (3)

Ebs measured =
- MA CB C_core_measured

where  Eaps measured 1S the measured light absorption enhancement, and
MACBC_core_measured 1S the mass absorption cross section for uncoated BC particles. The
value of MACec_core measured Was obtained by extrapolating MACgc coated measured t0 the
limit of bulk-averaged Mr = 0 using linear regression. The MACgc core_measured at
wavelength of 630 nm was 9.08 +£0.53 m? g™ (mean %£90% confidence Interval) (Fig.
S6). Based on our error propagation analysis, which accounts for measurement
uncertainties in particle absorption and BC mass as well as the standard error of the
extrapolation, the estimated uncertainty of MACBgc core_measured 1S approximately 19-23%
(Text S2). And the uncertainty of Eaps_measured IS approximately 26 - 32% (Text S2). Note
the MACsc_core_measured iS slightly higher than the value of 7.5 m? g* recommended by
Bond and Bergstrom (2006) but still within the range reported by other study (~6.5 - 17
m? g!) (Zanatta et al., 2016), likely due to variations in measurement methods, and site-
specific atmospheric conditions. Importantly, at high bulk-averaged Mg (~=5), the
measured MAC did not approach the laboratory-based absorption enhancement (Eabs
~ 2) reported for idealized core-shell soot particles (Cappa et al., 2012). The observed
limited Eaps =~1.1~1.5 is consistent with ambient studies and can be explained by the
complexity of ambient particles: the heterogeneity of particle-resolved Mr and
morphology can reduce absorption enhancement by ~20-70% relative to idealized
internal mixtures (Huang et al., 2024; Cappa et al., 2019), while variations in coating
composition and instrumental uncertainties contribute additional variability but are
considered secondary factors. These high-time-resolution field measurements therefore
provide quantitative constraints on BC Eaps under realistic atmospheric conditions,
complementing laboratory studies and informing model evaluations of aerosol optical
properties and regional radiative effects.

The commonly used models for calculating the optical properties of BC-
containing particles include Core-shell Mie theory (Cappa et al., 2012), T-matrix (Wu
etal., 2020), and discrete dipole approximation (DDA) (Kahnert and Kanngief&r, 2020)
and the generalized Mie Model (Kahnert and Kanngief&r, 2020). Among them, T-
matrix, and DDA fully account for detailed particle structure by incorporating three-
dimensional parameters such as particle configuration and internal mixing state (Wu et
al., 2020). In contrast, Core-shell Mie theory relies solely on the BC core size (Dc) and
coating thickness (Dp/Dc). Given the measurement data available in this study, the Core-
shell Mie theory was used to calculate the Eans of BC-containing particles at a
wavelength of 630 nm. The refractive index (RI) of BC and its coatings are assumed to
be n=1.85+0.71i and n=1.5+0i at a wavelength of 630 nm (Liu et al., 2015a; Liu et al.,
2014). The size of BC core and coating thickness was directly measured by CPMA-SP2
tandem system. For the uniform core-shell assumption, the Mg of every D. was equal
to bulk-averaged Mr (Section 2.2), as described by Cappa et al. (2019) and Liu et al.
(2017a). Then the particle-resolved Core-shell Mie theory was employed to calculate
the MACgc of individual BC-containing particles. After obtaining the particle-resolved
MAC, we can calculate the MAC of BC particle ensembles as
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YiMACgB( coated modeled,i*MBC core,i (4)

MACBC_coated_modeled = i Mpc ;
i _core,i

where i denotes the i" BC-containing particle, and MACsc coated modeled,i ad Mac_core.i
represent the particle-resolved modeled MAC of coated BC and the mass of the BC
core, respectively Then, the modeled Eans of BC particle ensembles are calculated as
the ratio of MACBc_coated 10 MACBC core. Note that the MACgc core here is calculated
using the core-shell Mie model when Dy / D¢ = 1.

To better characterize the influence of coating on the optical response of BC-
containing particles, we derived a parameter based on the ratio between the SP2-
measured scattering cross section (Csca_measured) and the values calculated using the core—
shell Mie model (Csca modeled) at 1064 nm. This ratio changes consistently with Mg,
providing an optical indicator of coating-induced variations in particle properties. An
empirical Csca measured-Mr relationship (Fig. 3d-f) was then developed using SP2
observations, and subsequently applied to infer the MAC of transition-state BC-
containing particles. The bulk-averaged MAC was obtained by integrating the inferred
MAC over the entire BC population.

3 Results and discussions

3.1 Direct observation of different Eaps.

The average Eabs measured during the sampling period in Hangzhou is 1.28 £ 0.02 (mean
+90% confidence Interval, the same below) at wavelength of 630 nm, and the bulk-
averaged MR is 3.32 £ 0.06, with average Eabs measured Values of 1.09 = 0.02, 1.84 = 0.07,
and 1.55 +0.04 for Case 1, Case 2, and Case 3, respectively. To investigate the temporal
evolution of BC coating, the observation period was classified into three cases based
on the variation of Eabs measured, USINg Eaps=1.5 as the reference threshold (Fig.1). Case
1 (September 3-23 and October 1-7, 2023) corresponds to Eabs measured Significantly
below 1.5. These periods were characterized by relatively low non-refractory PM;
concentrations and high wind speeds (WS = 0.94 + 0.04 m/s). Back-trajectory analysis
further shows that Case 1 was dominated by clean marine and nearby local air masses,
resulting in relatively clean and weakly aged conditions (Fig. 1a). Case 2 (September
24-30) corresponds to periods when Eabs measured rfemained continuously higher than 1.5.
This episode occurred under stagnant meteorological conditions-characterized by weak
winds (WS = 0.81 + 0.02 m/s) and elevated relative humidity (RH = 81.34 + 17.12%) -
that favored secondary aerosol formation. Back-trajectory analysis further indicates that
Case 2 was dominated by air masses transported from Jiangsu and passing through
northern Zhejiang, enhancing pollutant accumulation and promoting more aged BC
conditions. Case 3 includes periods when Eaps measured persistently fluctuated around 1.5.
The air masses during this period were a mixture of polluted inland outflow and clean
marine inflow, suggesting the air masses were moderately aged—which explains the
intermediate Eaps.

Some studies conducted in cities such as Beijing (Peng et al., 2016), Shanghai
(Zhai et al., 2022) have observed a notable increase in Eabs measured- In contrast, in cleaner
regions like Shenzhen (Huang et al., 2024), Houston (Peng et al., 2016) and California

8



308
309
310
311
312
313
314
315
316
317
318
319
320
321

322
323

324
325
326

(Cappa et al., 2012; Cappa et al., 2019), even when Rpc reached approximately 5,
Eabs measured Often showed minimal enhancement. Our observations captured a wide
range of Eabs measured Values (0.92~1.84), encompassing high, medium, and low levels.
In these three cases, Eabs measured €xhibited distinct evolution patterns during the aging
of BC-containing particles (Fig. 1), with its dependence on bulk-averaged Mr being
minimal in Case 1, moderate in Case 3, and strongest in Case 2. The differences among
the three cases may also be associated with variations in meteorological conditions, air
mass origin, and chemical composition. On the other hand, in Case 2, the Eaps calculated
using the traditional core-shell Mie model (Eabs uniform) reasonably agrees with the
Eabs measured, Whereas Case 3 shows a slightly lower level of consistency. However, in
Case 1, the Eabs uniform predicted by the traditional core-shell Mie model is significantly
higher than the Eabs measured. In our subsequent analysis, we will address this discrepancy
by exploring both heterogeneity of Mr and Mgr-dependent transitions in optical
properties.
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Figure. 1 (a) The time series of BC concentrations, bulk-averaged Mr, measured Eaps,
and the chemical components (including organics, nitrate, sulfate, ammonium and
chloride) measured by TOF-ACSM X, as well as relatively humidity (RH). Shaded
regions indicate different cases: light yellow for Case 1, blue-green for Case 2, and gray
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for Case 3. (b) Comparison of measured Eaps in different observation periods and with
previous studies (Peng et al., 2016; Cappa et al., 2012; Zhai et al., 2022; Cappa et al.,
2019; Huang et al., 2024). The black solid line represents the fitted smoothing curve of
bulk-averaged Mr and measured Eans, with the shaded area indicating the 95%
confidence interval of the fit. (c) Mean 48-h back-trajectory simulations initialized at
100 m above ground level. The back trajectories were calculated using the Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model driven by GDAS
meteorological fields.

3.2 Role of mixing state heterogeneity in Eabs and direct evidence of Mr-dependent
optical transitions of BC-containing particles.

The coating-to-BC mass ratio (MR) and the ratio of measured to modeled scattering
cross sections were used to quantify the mixing state and associated optical transitions
behavior of BC-containing particles, with Mr serving as an important indicator of BC
aging (Zeng et al., 2024; Li et al., 2024; Liu et al., 2017a). Fig. 2a and 2b illustrated
significant differences in the normalized number distribution of BC-containing particles
at M, = 4.35 fg and 9.38 fg during different observation periods. Specifically, during
Case 2 and Case 3, the MR presents a unimodal distribution, with the peak value
increasing with increasing Mp. In contrast, during Case 1, the Mr exhibits a distinct
bimodal distribution, and both peak positions shift toward higher Mr values as M,
increases. For example, when M, = 4.35 fg, the two peaks occur at Mr = 1 fg and 4.2
fg, respectively, whereas at M, = 9.38 fg, they shift to Mr = 1.8 fg and 8.0 fg,
respectively. The standard deviation (SD) of logio(Mr) was used to characterize the
heterogeneity of Mr among individual BC-containing at each M,. The results showed
that the SD of Case 1 (0.63 £ 0.004) was greater than that of Case 3 (SD=0.52+0.012),
followed by Case 2 (SD = 0.48 £ 0.005). In contrast, the Eaps measured €xhibited an
opposite trend, suggesting that greater Mr heterogeneity of BC-containing particles
leads to a lower Eabs measured- AS shown in Fig. 2d, the discrepancy between the modeled
(uniform core-shell Mie model) and the measured Eaps increases with SD, with this trend
being most pronounced in Case 1, where MR heterogeneity is highest. This suggests that
greater MR heterogeneity may lead to larger deviations from the uniform core-shell
assumption, thereby increasing the mismatch between the modeled and measured Eaps.
Such discrepancies likely due to the uniform core-shell model’s simplified treatment of
MR heterogeneity in BC (Romshoo et al., 2024; Wang et al., 2021c¢).
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Figure. 2 Mg heterogeneity of BC-containing particles in different observation periods.
The average MRr normalized number distribution of BC-containing particles at M, =
4.35 fg (a) and M, = 9.38 fg (b) during different cases. (¢) Comparison of the average
standard deviation (SD) of logio(MR) in this study with those reported by Huang et al.
(2024) and Fierce et al. (2020), the SD characterizes the dispersion of Mr among
individual BC-containing particles. (d) Linear fitting of AEabs (Eabs uniform=Eabs measured)
with the SD of logio(MR).

The SP2 measures the scattering cross-section (Csca) of single BC-containing
particles. The comparison between measured and the modeled (by Core-shell Mie
model) Csca serves as an optical proxy of changes in BC compaction and coating state,
reflecting the evolution of optical properties during aging process. Fig. 3 presents the
variation of the ratio Csca_measured/Csca_modeled at wavelength of 1064 nm with Mr under
different Mp. When MR is relatively 1ow, Csca measured/ Csea modeled 15 less than 1, suggesting
that the BC cores may exist in a fractal structure, remain bare, or are not fully embedded
in the coating materials. Consequently, the measured Csca is lower than the Csca
predicted by the core-shell Mie model. This observation aligns with Liu et al. (2017a),
who classified such BC-containing particles as externally mixed. As Mg increases,
Csca measured/ Csca modeled  also  increases, indicating the BC particles becomes more
compact and more thoroughly coated, transitioning toward a core-shell structure
(Corbin et al., 2023). Following previous studies (Liu et al., 2017a; Liu et al., 2020),
we describe this stage as a “transition state”. In this work, the transition state is neither
defined by a fixed MR threshold nor by any directly observed morphological boundary.
Instead, it reflects an optically inferred state in which scattering enhancement increases
markedly, with MRr ranges of 1.78-6.34 (Case 1), 1.43-3.78 (Case 2), and 1.45-4.19
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(Case 3). The higher MR thresholds observed in Case 2 and Case 3 indicate that under
polluted conditions, BC particles can reach an optically core-shell-like state with
comparatively less coating material. This likely reflected accelerated aging driven by
enhanced secondary formation and condensation of inorganics and organics on BC,
facilitated by stagnant meteorological conditions (low wind speed). Such conditions
promote efficient coating growth on BC-containing particles, strengthening their light-
absorption capability and leading to high Eaps. Therefore, compared with Case 1, BC in
Case 2 and Case 3 required less coating material to reach the core-shell configuration.
When MR exceeds the transition state range, the ratio Csca measured/ Csca modeled DECOMES
relatively stable, suggesting that the BC particles behave optically like compact,
spherical core-shell structures.
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Figure. 3 The optical behavior of BC-containing particles as a function of mass ratio
(coating-to-BC, MR). (a) — (¢) show the ratio of measured to modeled scattering cross-
section at the wavelength of 1064 nm during different cases. The shadows indicate the
MR ranges corresponding to “transition-state” BC-containing particles. (d) — (f) present
the measured scattering cross-section as a function of Mg, along with fitted optical
transition-dependent models representing the “transition-state” BC-containing particles.
The fitted curves include the corresponding P-values, and the shaded areas denote the
95% confidence intervals.

3.3 The predicted Eabs during different period.

The complexity of BC in the atmosphere depends on various factors, including the
size, the coating amount, and the interaction between the BC core and its coating. In
this study, comprehensive multidimensional information on single BC-containing
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particle is retrieved and subsequently incorporated into the optical model, as shown in
Fig. 4. The bias between Eabs uniform and Eabs measured Varies across different periods, even
when applying the same model input scheme. Specially, the Eabs uniform agrees with
Eabs measured during Case 2 and Case 3, with deviations below 10%, whereas the
deviation increases to as much as to 65% during Case 1, primarily due to the higher Mr
dispersion of BC-containing particles in this period. To further investigate this
discrepancy, we assume that all BC-containing particles adopt a core-shell structure and
calculate the Eans of each BC-containing particle based on the measured single-particle
MR. Subsequently, the Eaps of bulk BC-containing particles (Eabs resolved) Was determined
and compared with Eaps measured to €valuate their consistency. The results show that for
Case 1, although the discrepancy between the measured and modeled values exhibits a
decreasing trend, the average deviation remains as high as 38%. This larger deviation,
compared to previous particle-resolved modeling studies, is primarily attributed to the
smaller dispersion of particle-to-particle Mr observed in Case 1 (Fig. 2c) relative to
their model simulations (Fierce et al., 2020). However, for Case 2 and Case 3 with
higher Mr heterogeneity of BC-containing particles, the error between the model and
measured Eaps 1s almost negligible, with deviations below 10%, indicating that the core-
shell Mie model can reproduce the observed Eaps during these periods. These findings
further validate that the degree of MR dispersion of BC-containing particles is a key
factor in determining whether the core-shell Mie model overestimates the observed Eaps,
and to what extent this overestimation occurs.
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Figure. 4 Comparison of measured and modeled Eaps under various different model
input schemes. (a) shows the time series of the Eapns during the observation period. (b)
— (d) were the sensitivity of Eaps to the “transition state” range of BC-containing
particles. The “transition state” range of 1.6~4.8 was the average value derived from
Case 1, Case 2 and Case 3. The range of 1.5~3.0 and 1.5~6.0 was reported by Liu et al.
(2017a), and Liu et al. (2020), respectively.
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The transitional-state particles are BC-containing particles in the process of
evolving from loosely aggregated fractal-like structures toward quasi—core—shell
configurations (Moffet et al., 2016; Moteki and Kondo, 2007). The abundance of
transitional-state particles varies notably under different atmospheric conditions,
directly influencing the measured Eaps (Liu et al., 2017a). During clean days (Case 1),
the atmospheric environment was characterized by low PM; concentrations, weak
secondary formation, and highly variable coating conditions. Under such conditions,
our measurements show that BC-containing particles were dominated by transitional-
state structures (Fig. S9), representing the intermediate stage between externally mixed
aggregates and fully developed quasi—core—shell structures. The limited and
heterogeneous coating distribution on these particles substantially weakens the lensing
effect, resulting in lower measured Eaps (Peng et al., 2016). Because the core-shell Mie
model inherently assumes a uniform and concentric coating, it does not accurately
represent the optical behavior of these transitional particles, leading to a pronounced
overestimation of measured Eaps during Case 1. This indicates that, under clean
conditions, the optical properties of transitional-state particles are the key driver of the
model-observation discrepancy. In contrast, the haze period (Case 2) represents a more
aged and heavily coated aerosol environment and provides a useful reference for
understanding the factors influencing the measured Eaps. During Case 2, the high aerosol
loading and elevated bulk-averaged Mr were largely influenced by regional transport,
as air masses at 100 m, 500 m, and 1000 m all followed similar pathways from the
northern Yangtze River Delta into northern Zhejiang (Fig. 1c and Fig. S7). Stagnant
meteorological conditions, elevated relative humidity, and enhanced oxidative capacity
further facilitated vigorous liquid-phase and photochemical reactions, promoting the
abundant formation of secondary coatings on BC surfaces (Peng et al., 2016). Notably,
our observations show that FEss increases systematically with the increasing
contribution of secondary nitrate (Fig. S8), consistent with the fact that nitrate-rich
conditions enhance aqueous-phase oxidation and accelerate the formation of thick
inorganic coatings (Liu et al., 2017b). As a result, a much larger fraction of BC-
containing particles exhibited internally mixed, quasi—core-shell structures rather than
transitional states (Fig. S9), which explains why the core-shell Mie model performs
substantially better for Case 2 than for Case 1. This contrast reinforces the central role
of transitional-state particles in determining measured Ea»s When coatings are sparse,
irregular, or partially developed. Given the strong influence of transitional-state
particles on measured Eaps in Case 1, precise constraints on their optical behavior are
crucial for improving FEaps estimates across different atmospheric scenarios. To address
this, an empirical formula based on optical measurements was developed to estimate
the Eas of BC-containing particles in the “transition state”, derived from fitting the
measured Csca against Mr (Fig. 3d-3f). By applying this empirical formula to the
calculation of Eaps, the resulting value for Case 1 was 1.21 + 0.01. For Case 2 and Case
3, the Eabs calculated using the same formula (Eabs param) remained slightly lower than
the Eabs measured, but the deviation was within 20%, demonstrating the reliability of the
approach across different atmospheric conditions.

In recent years, particle-resolved models have been increasingly applied in field
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observations to mitigate the well-known overestimation of Eabs by uniform core-shell
Mie model (Fierce et al., 2020; Li et al., 2024; Jiang et al., 2025). Some studies have
incorporated particle-specific structural detail using approaches such as the electron-
microscope-to-BC-simulation (EMBS) framework (Wang et al., 2021c; Wang et al.,
2021b; Chakrabarty et al., 2006), which further improves the representation of BC
absorption. In this study, we introduce an observationally constrained parameterization
that links SP2-measured scattering cross sections with core-shell Mie calculations. This
scheme identifies the optical transition state through following steps: (1) measuring
single-particle Csca with SP2, (2) fitting the relationship between Csca measured and Mg
(Fig. 4b-4c¢), (3) identifying the MR range associated with transitional optical behavior
(“transition state”), and (4) inferring the MAC of transition-state particles using the
fitted relationship before integrating MAC over all particles to obtain bulk Eaps. This
parameterization improves agreement with observations, especially during clean
periods (Case 1), when the uniform core-shell assumption tends to produce the largest
discrepancies. However, its performance depends on correctly identifying the Mg range
of the transition state. Our results show that, in polluted periods (Cases 2 and 3), the Mr
range associated with the transition-state becomes relatively narrow, while under clean
conditions it tends to expand. Consequently, applying a fixed Mr threshold across all
atmospheric conditions can introduce systematic biases in modeled Faps (Fig. 4b, ¢ and
d). Although MR heterogeneity alone can adequately reproduce Eaps during polluted
periods, adopting separate input schemes for different environments would complicate
radiative transfer calculations and limit broader applicability.

To address this issue, we emphasize that the proposed framework is adaptable to
environments in which BC particles undergo similar optical transitions. Key parameters,
including the Mg thresholds that define the transition state and other indicators derived
from the Csca measured-MRr relationship, can be recalibrated for different atmospheric
contexts. This includes rural aeras, biomass-burning regions, or seasons with distinct
pollution characteristics, where coating composition and aging processes may vary.
Although the parameterization is fundamentally based on the optical evolution of BC
from loosely coated to more compact states, it can be adjusted to account for local
differences in particle coating and aging dynamics. Thus, the unified scheme
incorporates both Mr variability and optical characteristics of transitional particles,
providing a flexible and physically consistent approach for a wide range of atmospheric
environments. Overall, this observationally constrained approach offers a more
consistent representation of BC mixing states across diverse atmospheric conditions,
thereby reducing uncertainties in optical modeling and enhancing the reliability of BC
radiative effect assessments.

4 Conclusions

In this study, we employed the CPMA-SP2 tandem system to investigate the mass
ratio of coating to core (Mr) of BC-containing particles in Hangzhou, China, and to
assess how MR heterogeneity and optical transitions influence their Eans under different
atmospheric conditions. By dividing the observation into three representative scenarios
(Case 1, Case 2, and Case 3), we identified significant differences in the measured Eaps
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that are closely associated with the evolution and distribution of M. The results indicate
that both Mr heterogeneity and optical effects of BC-containing particles in the
transition state are critical for accurately modeling BC Eaps. During clean periods (Case
1), the uniform core-shell Mie model significantly overestimated Eans, While during
polluted periods (Case 2 and Case 3), model predictions were more consistent with the
measured Eas. To address these discrepancies, we developed an observationally
constrained parameterization for BC particles in the transition state based on the
transitional optical behavior. This scheme effectively reconciles modeled and measured
Eaps across different pollution scenarios, particularly in clean periods dominated by
externally mixed or partially coated BC-containing particles. These results highlight the
limitations of uniform model input schemes under complex atmospheric conditions and
underscore the value of a unified parameterization framework that accounts for both
MR heterogeneity and the optical properties of transition-state particles. By
incorporating Mr-dependent optical transitions, this framework provides an adaptable
approach for representing BC mixing states and light absorption under different
atmospheric environments. This parameterization improves the consistency between
modeled and observed Eabs and reduces uncertainties in assessing the radiative effects
of BC-containing particles, offering a flexible tool for application to other atmospheric
conditions.
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