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Abstract: Black carbon (BC) is the major light-absorbing aerosol and an important contributor to radiative forcing.
Atmospheric aging often coats BC with non-absorbing material, enhancing its mass absorption cross-section (MAC). However,
this absorption enhancement depends not only on the bulk amount of coating material but also on how the coatings are
distributed across individual BC particles. Here, we represent BC mixing-state heterogeneity using particle-resolved two-
dimensional mixing-state distributions. This representation provides a more complete explanation of MAC variability than a
single bulk mixing-state parameter. During summer, mixing-state heterogeneity changed little, and MAC remained nearly
constant despite a substantial increase in the bulk coating-to-core mass ratio. By contrast, larger changes in mixing-state
heterogeneity observed during autumn and winter coincided with MAC increases of up to 35% and 30%, respectively. MAC
was most sensitive when initially homogeneous BC populations became more heterogeneous, whereas further changes within
already heterogeneous populations produced comparatively small responses. A higher fraction of large-core BC particles (>300
nm), associated with biomass and coal combustion, further reduced MAC because of their lower absorbing efficiency. Mie
calculations further showed that MAC differed by ~24 % on average under homogeneous and heterogeneous mixing-state
assumptions. Our results highlight the importance of explicitly representing BC mixing-state heterogeneity for a better
understanding in aerosol optical property variations and improving their simulation in models, thereby reducing uncertainties

in estimates of BC radiative forcing.

1. Introduction

Black carbon (BC), also known as soot, is the primary absorbing component in atmospheric aerosols (Bond and Bergstrom,
2007). BC plays an important role in both the regional and global climate systems. According to the sixth Intergovernmental
Panel on Climate Change (IPCC, 2021) report, BC contributed to a global temperature increase of approximately 0.1 °C from
1750 to 2019, with an effective radiative forcing estimated to range from —0.28 to 0.41 Wm 2, indicating substantial uncertainty
in its climate impact. Improved characterization of BC’s physicochemical properties is key to narrowing the uncertainty in its

radiative forcing.
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BC is primarily emitted from incomplete combustion, such as biomass burning and fossil fuel combustion (Bond et al., 2013).
After emissions, BC particles are coated with non-BC materials through condensation and coagulation during atmospheric
aging (Liu et al., 2019). The non-BC coating can enhance the BC absorption efficiency by focusing the incident light onto the
BC core, commonly referred to as the ‘lensing effect’ (Jacobson, 2001; Saleh et al., 2015). Lab experiments have further
verified the lensing effect, e.g., Schnaiter (2005) measured that the absorption enhancement (Eq) induced by the lensing
effect reached up to 2.1 for BC coated with secondary organic compounds in a chamber study, consistent with Mie theory
predictions for concentrically coated spheres. Liu et al. (2017) further demonstrated that significant absorption enhancement
occurs when the coating-to-BC mass ratio exceeds 3, highlighting the critical role of coating amount in amplifying the lensing
effect.

Field measurements have also confirmed the presence of the lensing effect under ambient conditions(Liu et al., 2015b; Wu et
al., 2018; Zanatta et al., 2018; Yuan et al., 2021; Yus-Diez et al., 2022; Wang et al., 2023). Wang et al. (2018) observed that
the Eups increased with the fraction of thickly coated BC, and the enhancement reached a steady level for cores larger than 170
nm. Zhang et al. (2018) found that high E.» was associated with aerosol photochemical aging and the formation of highly
oxidized secondary organic aerosols (SOA), especially in the summertime. In addition, the formation of secondary nitrate and
sulfate has also been shown to contribute to absorption enhancement (Chen et al., 2017; Xie et al., 2019).

However, observational evidence for the lensing effect still remains inconsistent. Cappa et al. (2012) reported a small Ezp of
6% on average in California, with weak dependence on photochemical aging. Similar findings have been reported elsewhere,
indicating limited correlation between BC absorption and average coating-to-core mass ratio (Liu et al., 2015a; Healy et al.,
2015; Cappa et al., 2019). The presence of absorbing materials (e.g., brown carbon) within the coating could reduce the
absorption enhancement of BC (Lack and Cappa, 2010; Luo et al., 2018; Feng et al., 2021). Additionally, BC particles with
fractal-like morphologies tend to exhibit lower £, compared to those with compact core-shell structures (Wang et al., 2021;
Romshoo et al., 2021; Romshoo et al., 2024). Peng et al. (2016) observed that during the initial aging stage, BC transformed
from a fractal to a more spherical morphology with minimal variation in absorption, followed by further compaction that
resulted in substantial absorption enhancement.

The average coating thickness or the mass ratio of coating to core of the BC population is commonly used to quantify the bulk
mixing state of BC. However, within a given bulk BC population, individual particles can exhibit substantial variability in
their mixing states. Transmission electron microscopy (TEM) has revealed significant particle-to-particle variability in coating
structure and morphology among BC particles from the same sample. (Adachi et al., 2016; Wang et al., 2017). This particle-
by-particle mixing state heterogeneity could contribute to the discrepancies in observed absorption enhancement across
different studies. Fierce et al. (2020a) demonstrated that accounting for per-particle composition variability and deviations
from the idealized core-shell morphology significantly improves the agreement between predicted and observed absorption
enhancement in both laboratory and field studies. Although progress has been made in quantifying BC mixing state
heterogeneity, its application in field studies remains limited by measurement constraints. Zhai et al. (2022) reported a bimodal

distribution of coating thickness, suggesting an uneven distribution of non-BC material across the particle population and
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substantial particle-to-particle mixing state heterogeneity, which reduced the absorption enhancement. Similarly, Zhao et al.
(2021) and Zeng et al. (2024) found that less homogeneous BC mixing states, as indicated by a mixing state index reflecting
rBC and non-rBC mass fraction distributions, corresponded to weaker absorption enhancement.

In this study, field measurements were conducted to investigate how particle-to-particle variability in BC mixing state affects
its light absorption. Mixing-state heterogeneity of BC mixing states was characterized by a Single Particle Soot Photometer
(SP2, Droplet Measurement Technology, Longmont, CO, USA), which directly reflects the mixing state of individual particles.
Seasonal variations in the relationship between BC mixing state and absorption enhancement were also analysed. The results
provide new insights into the role of mixing state in BC absorption enhancement, helping to reduce uncertainties in estimates

of BC radiative forcing.

2. Method
2.1 Sampling site

The measurement was conducted at the Melpitz research station (12°56°E, 51°32°N, 86 m a.s.l.) of the Leibniz Institute for
Tropospheric Research (TROPOS), a rural site located approximately 50 km northeast of Leipzig, Germany, from August
2021 to February 2022. All the instruments used in the study were set up in the same container and operated through a shared
sampling inlet. The inlet system consisted of a PM o Andersen impactor positioned approximately 6 meters above ground level,
followed by an automatic aerosol diffusion dryer that maintained the relative humidity in the sampling line below 40% (Tuch
et al., 2009). The site is surrounded by flat grasslands, agricultural fields, and woodlands extending over several tens of
kilometres. There are no orographic features in the immediate vicinity. Measurements at Melpitz are considered representative
of long-range transported air masses and background aerosol conditions in Central Europe (Spindler et al., 2012; Spindler et
al., 2013). The station is part of several observation networks, such as ACTRIS (Aerosols, Clouds, and Trace gases Research
InfraStructure network) and GUAN (German Ultrafine Aerosol Network). Further details of the Melpitz station can be found
in Poulain et al. (2011, 2014, 2020) and Van Pinxteren et al. (2024).

2.2 Single Particle Soot Photometer (SP2)

A single particle soot photometer (SP2) was used to investigate the physical properties of BC in this study. When a BC-
containing particle passes through the laser beam of SP2, the BC core absorbs the laser light and emits an incandescence signal,
with the peak intensity proportional to the BC mass (Schwarz et al., 2006). BC measured by this laser-induced incandescence
(LII) method is referred to as refractory black carbon (rBC; Petzold et al., 2013). The mass equivalent diameter of rBC core
was calculated assuming a density of 1.8 g m (Bond and Bergstrom, 2007). The rBC detection size range of SP2 used in this
study is 80-500nm in diameter.

As the rBC core is heated by the laser, its coating is thermally evaporated. The leading-edge-only (LEO) fitting method was

applied to reconstruct the scattering signal associated with the coating (Gao et al., 2007). The overall rBC-containing particle’s
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diameter was determined from the LEO-fitted scattering signal using Mie theory (Bohren and Huffman, 1998), assuming a
refractive index of 2.26 — 1.26i for the rBC core (Moteki et al., 2010) and 1.5 + 0i for the coating (Liu et al., 2014). Further
information on the SP2 measurement principle is available elsewhere (Schwarz et al., 2008; Moteki and Kondo, 2010; Liu et
al., 2014), while technical specifications for the TROPOS SP2 operated at Melpitz are provided in Yang et al. (2025).

The mixing state of rBC-containing particles was quantified using the mass ratio of non-BC coating to rBC core, expressed as

both bulk population-averaged values (MRyuk) and single-particle values (MR;), following Liu et al. (2019):

Pcoati Dp\3
MRy = —C;:;C"g X ((D—i) - 1) (1)
3
MR, = Peoating o (Ppi)" _ 4 ©)
L PrBC Dei

Here, peoaring is the density of non-BC coating, assumed to be 1.5 ¢ m=(Zhao et al., 2021), and p,sc is the density of 1BC core,
assumed to be 1.8 g cm™ (Bond and Bergstrom, 2007). D,,;and D,,; represent the overall rBC-containing particle diameter and
rBC core diameter for each individual particle, respectively. The ratio D,/D. indicates the bulk relative coating thickness and

was calculated based on the total volume of coated particles and cores within a given time window (Liu et al., 2014) :

Dp 3 ZiDgi
et ; ) 3
D¢ ZiDg,i ( )

Due to the detection limit of the SP2 scattering detector, coating information cannot be retrieved for most of the particles with

rBC cores smaller than ~160 nm. For cores larger than this threshold, coating data can be derived for over 80% of the rBC-
containing particles, as shown in Fig. s1. Therefore, only rBC cores with diameters greater than 160 nm were included in the
calculation of MRy In addition, the bulk D,/D. further reduces the influence of small-particle-related uncertainties, as their
limited volume contributes negligibly to the total, thereby providing a more robust and representative estimate of the overall

mixing state.

2.3 Multi-Angle Absorption Photometer (MAAP)

A Multi-Angle Absorption Photometer (MAAP, Thermo Fisher Scientific, MA, USA) was used to measure the aerosol
absorption coefficient (bass) at 637 nm. To minimize the influence of light-scattering aerosol components on the angular
distribution of backscattered light, measurements are conducted using three detectors positioned at different angles. The
absorption coefficients are derived using a radiative transfer model that corrects for artefacts associated with filter-related light
interactions. A detailed description of the instrument and its operating principles is provided by Petzold and Schonlinner (2004)
and Petzold et al. (2005). In this study, a wavelength correction factor of 1.05 was applied to adjust the standard MAAP

measurement wavelength from 660 nm to 637 nm, following Miiller et al. (2011).
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2.4 Black Carbon Absorption Properties

To investigate the lensing effect induced by non-BC coatings, the mass absorption cross-section (MAC) of BC serves as a key
parameter for quantifying the enhancement of light absorption efficiency. MAC quantifies the light absorption efficiency per
unit mass of BC, and an increase in MAC with the coating-to-core mass ratio is typically interpreted as evidence of absorption

enhancement due to the lensing effect. MAC is defined as:

MAC = Labs 4)

myBC

where b indicates the absorption coefficient and m,p¢ indicates the mass concentration of rBC. In this study, buss and m,sc
were measured by MAAP and SP2, respectively.

In most studies, MAC is calculated using time-averaged values of bus and m,zc over defined time intervals. However, at the
Melpitz background station, hourly-resolved (1 hour) MAC estimates exhibited large uncertainty due to the frequently
observed low rBC mass concentrations and small rBC sizes. Low rBC concentrations observed during the campaign (median:
0.23 pg m®) resulted in weak absorption signals, increasing the relative uncertainty in b measurements by MAAP.(Petzold
and Schonlinner, 2004). Additionally, the mass median diameter (MMD) of the rBC core size distribution at Melpitz was
relatively small. The median MMD during the campaign was 179 nm, which is lower than the MMD exceeding 200 nm
reported in many studies (Huang et al., 2012; Liu et al., 2014; Liu et al., 2019; Holanda et al., 2023). During summer, the
average MMD was even smaller, around 150 nm. A smaller MMD implies a higher fraction of smaller rBC particles, which
increases the uncertainty of SP2 measurements due to the instrument’s limited detection efficiency for small cores (Schwarz
et al., 2010). Although extrapolating a lognormal fit to the measured rBC mass size distribution can partially compensate for
the detection limit (Kipling et al., 2013; Pileci et al., 2021), the low rBC concentrations at Melpitz reduce the statistical
robustness of the size distribution. As a result, uncertainties in SP2 measurements persist.

Considering the combined uncertainties from both MAAP and SP2 measurements, the hourly-resolved calculated MAC values
became increasingly unreliable as rBC concentrations decreased. In some cases, physically implausible MAC values exceeding
30 m? g! were observed. Moreover, as shown in Fig. s2, the hourly-resolved MAC didn’t show a significant variation with the
MRy, due to the broad variability in MAC within each MR, range, particularly at low MRy.. These limitations suggest that
hourly-resolved MAC is not well-suited for investigating the lensing effect under the conditions encountered in this study.
Instead of calculating the hourly MAC value, the slope of a linear fit of ba as a function of m,zc can be used to derive the
MAC, consistent with its formal definition:

baps = MAC X mypc (5)
This linear fit method has been shown to provide more stable and representative MAC estimates by averaging out noise and
minimizing the influence of individual low-signal data points (Schnaiter et al., 2019; Ohata et al., 2021; Savadkoohi et al.,
2024). To investigate the lensing effect, we derived the MAC within different MRy, intervals to examine how MAC varies
with coating. As suggested by Liu et al. (2015b), the standardized major axis (SMA) regression method was applied, as it

takes into account uncertainties in both X and Y directions. SMA regression is particularly suitable when the two variables are
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not measured on the same scale (Warton et al., 2006), which makes it appropriate for the bus versus m,sc line-fitting in this
study.
In addition, the theoretical MAC (MACuie,;) and absorption enhancement (Eqp,i) were calculated for each individual rBC-

containing particle to quantify the effect of coatings on particle-level light absorption:

Ccoa;ed

MACy;e; = 22 (6)

MyBC,i

Ccoaged

abs,i
Eabs,i - ccore (7)
abs,i

coated and Ccore

m,pc,i is the mass of the rBC core in the ith individual rBC-containing particle measured by the SP2. C, abs: denote

abs,i
the absorption cross-sections of the ith coated rBC-containing particle and of the same rBC core without its coating,
respectively. These cross-sections were calculated at a wavelength of 637 nm using Mie theory, by assuming the coated rBC
is a core-shell structure, with core size and coating thickness obtained from SP2 measurements. The refractive indices were
assumed to be 1.95+0.961 (Moteki et al., 2023) for the rBC core and 1.53+0i for the coating(Ferrero et al., 2011). The Mie
calculation was conducted using the open-source software PyMieScatt (Sumlin et al., 2018).

In addition, to provide a simplified assessment of how rBC mixing-state heterogeneity influences optical modeling, we
compared measured MAC with MAC predicted by Mie-theory calculations. In many modeling studies, a single bulk (or
average) coating value is applied to all rBC cores, assuming a homogeneous coating distribution and neglecting particle-to-
particle mixing-state heterogeneity (e.g., Saliba et al., 2016; Liu et al., 2018; Zanatta et al., 2018). Under this homogeneous-
mixing assumption, MAC was calculated from the SP2-measured rBC core size distribution as prescribed:

2in(D¢,j)XCabs(Dyp,;j)
MACMie,homogeneous == ch-jm(Dacjs) b ()

where D, is the midpoint diameter of the jth rBC core-size bin, n(D.;) and m(D. ) indicate the number and mass concentration
from the jth bin of rBC core number and mass size distribution, respectively. Cuss (Dp;) Was the absorption cross section
associated with the corresponding coated rBC diameter, D,;. Given a MRy, the coated rBC diameter corresponding to D,

can be derived:

D,; = De; X 3\/1 + MRy, X —2TEC 9)

Pcoating
To account for mixing-state heterogeneity, we also calculated MAC at the single-particle level and then averaged across all

rBC-containing particles:

LiMACpmie,i
MA CMie,heterogeneous - N (10)

Where the MAC\yie; denotes the theoretical MAC of the ith individual rBC-containing particle, and N is the total number of
rBC-containing particles included in the calculation. This approach incorporates coating information for individual rBC-
containing particles and can, to some extent, account for the effect of particle-to-particle mixing-state heterogeneity on MAC.
Although it does not fully capture the complexity of particle-to-particle variability, it provides a useful framework for
comparing Mie-calculated MAC under different assumptions of mixing-state heterogeneity.

6



185

190

195

200

205

210

https://doi.org/10.5194/egusphere-2026-5074
Preprint. Discussion started: 26 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

3. Results
3.1 Time series of rBC physical properties and temperature

Figure.1 shows the time series of rBC physical properties measured by SP2, absorption coefficient (b,s5) measured by MAAP,
and ambient temperature. Measurements were conducted from August 2021 to February 2022, covering summer (August),
autumn (October and November), and winter (December to February). September data are missing due to instrument
maintenance. bas exhibited a similar variation in the mass concentration of rBC (m;sc), representing the absorption of rBC.
In general, rBC properties varied with seasons. As shown in Fig. 2, m,sc was significantly lower in summer, with the mean
concentration of 0.16+0.12 pug m™ consistent with reduced emissions from biomass burning and coal combustion during the
warm season (Yang et al., 2025; Atabakhsh et al., 2025). These very low concentrations increased the measurement
uncertainties of both the SP2 and MAAP, as discussed in the methods.

The largest mass median diameter (MMD) was observed in winter, with a mean of 189419 nm, while autumn exhibited a
slightly smaller MMD of 1824+20nm. The relatively large rBC sizes are attributed to solid fuel combustion, as rBC from
biomass burning and coal combustion is generally larger than that from liquid fuel combustion, such as traffic emissions
(Schwarz et al., 2008; Zhang et al., 2020). At Melpitz, enhanced solid-fuel contributions during cold periods, especially in
winter (mean temperature of 3+4°C), have been linked to heating-related emissions, with more than 50% of the biomass-
burning and coal-combustion influence transported from the east (Atabakhsh et al., 2023). In contrast, the much smaller MMD
in summer, with a mean of 148 + 24 nm, was associated with reduced biomass burning and coal combustion emissions, together
with an enhanced influence of long-range transport (Atabakhsh et al., 2025; Yang et al., 2025), during which larger rBC
particles are preferentially removed (Moteki et al., 2012; Che et al., 2022).

MRy exhibited an opposite trend compared to m,3c and MMD. The mean MRy, in summer (1.97+1.09) was higher than in
autumn (1.22+0.65) and winter (1.41£1.08). The larger fraction of high MRyu values in summer (Fig. 2) may be related to a
greater contribution from aged rBC from long transportation (Yang et al., 2025). In addition, the smaller MMD in this season
indicates a higher proportion of small rBC cores, which tend to have thick coatings (Cheng et al., 2018). Autumn exhibited a
relatively narrow MRy (0.02 - 4.38) variation, and the median and mean MR, during winter were similar to those in autumn,
but the higher fraction of large MRy may be associated with lower ambient temperature and higher residential heating

emissions in the winter (Zhang et al., 2020; Yang et al., 2025).
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Figure 1: Time series of (a) mass concentration of rBC (m:8c) and absorption coefficient (bass) (b) mass median diameter (MMD) (c)
bulk mass ratio of coating to core (MRyuix), and (d) temperature.
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215 Figure 2: Statistical analysis of temperature and rBC properties for each season. The upper and lower edges of the box denote the
25% and 75% percentiles, respectively. The middle line and square markers indicate the median and average values, with whiskers
indicating the 10% and 90% percentiles.

3.2 Absorption enhancement of BC-containing particles

To investigate the lensing effect, the MAC of rBC-containing particles was derived from standardized major axis (SMA)
220 regression between buy and m,sc across different MRy, intervals. The uncertainty of the SMA-derived MAC is represented
by the confidence interval of the slope. These intervals were set at 0.5 increments, with the final bin containing all remaining
data points. These intervals are from the MRy < 0.5 to MRy >3.5. As shown in Fig. s3, the b, exhibited a strong correlation
(r>>0.9) for most intervals. In summer, the limited number of observations with MRy < 0.5 was insufficient for reliable fitting;

therefore, the first bin includes all data with MRy < 1. Similarly, for autumn, the last bin contains all data with MRy > 3.
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In general, as shown in Fig. 3, MAC was observed to increase with MRy in all seasons, though the dependence varied. In
summer, MAC increased by 9 % for MR increase from 0 to 2, remained relatively stable (~11.50 m? g'!') between MRy of
2-3.5, and then increased significantly by 21% to 13.87 m? g! for MRy > 3.5. Higher uncertainty in MAC estimation was
also observed in this season, with one contributing factor being the extremely low concentration of rBC in summer. Although
linear regression between absorption coefficient and rBC mass concentration was applied to reduce the influence of
measurement uncertainty at very low concentrations, the persistently low concentrations in summer and the relatively narrow
range of variation still increased the uncertainty of the fitted slope. This likely contributed substantially to the large uncertainty
in the derived MAC.

In contrast, MAC in autumn and winter exhibited a more consistent increase with MRy, accompanied by smaller uncertainty
ranges. When MRy increased from 0 to 2, MAC increased by 25 % in autumn and 20% in winter, respectively. At MRy >2,
the subsequent increases were more gradual, with MAC increasing by ~8% in both seasons. Across the same MRy, intervals,
MAC values in autumn remained consistently higher than those in winter. One contributing factor to the observed uncertainties
in MAC estimates and the differing dependence of MAC on MRy is the heterogeneity in the mixing state of rBC-containing

particles, which will be discussed in detail later.
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Figure 3: Variation of mass absorption cross-section (MAC) with bulk mass ratio of coating to core (MRsui) in different seasons.
The shaded area represents the confidence interval of the SMA-fitted slope.

3.3 Mixing state heterogeneity of rBC-containing particles

Figure.4 shows that the coating-to-core mass ratio (MR;) exhibits distinct distributions across different rBC core sizes, with
the differences in mass contributions reflecting mixing state heterogeneity, indicating the coatings are not uniformly distributed
across rBC cores. The rBC mass was selected to weight the MR distribution rather than the number because the mass plays a
more important role in determining the optical properties of rBC-containing particles. Due to the detection limit of SP2, size-

resolved MR; data are only partially available for rBC cores smaller than 160 nm in diameter.
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The mixing state heterogeneity exhibited evident seasonal differences. In summer, high rBC mass was only observed at MR;
<~1.5, and the size-resolved MR;showed an insignificant variation across MRy intervals. As MRy increased, rBC core mass
in the high-MR; region (MR; > ~3) slightly increased. As shown in Fig.5 (a), the log-normal fitted mass size distribution (mSD)
in summer was shifted to a smaller size compared to autumn and winter, with a higher fraction of rBC cores < 160 nm.
Consequently, a substantial portion of the coating information is unavailable. The cumulative distribution function (CDF) of
rBC mSD (Fig. 5(b)) indicates that 30-35 % of rBC mass fell below 160 nm, where the mixing state heterogeneity may differ
from that of larger particles. This large fraction of missing mixing state information could contribute to the MR« estimation,
combined with the low mass concentration in summer, which further results in the uncertainties in MAC estimation shown in
Fig. 3.

In contrast, autumn and winter exhibited a stronger dependence of mixing state heterogeneity on MRy As in summer, a
persistent maximum in rBC mass in the regime where core diameters < 300 nm and MR, < 1.5 was observed in both seasons.
As MRy increased, enhanced rBC mass appeared in the high-MR; range (3 < MR, < 20) with core diameters < 300nm. Under
comparable MRy intervals, rBC mass in the high-MR; regime was more evident in autumn than in winter. In addition, for
rBC >300nm, another relatively high rBC mass regime was also observed in the moderate MR; range (2 < MR; < 8) as the
MRy increased. Furthermore, the mSDs in these two seasons were shifted toward larger cores compared with summer (Fig.
5(a)), with only 10-25 % of rBC mass below 160 nm, which reduce the influence of missing mixing state information on the

MRy evaluation.

MRy < 0.5 0.5 < MRy <1 1< MRy <15 1.5 < MRy <2 2 < MRy <2.5 2.5 < MRy <3 3 <MRy <3.5 3.5 <MRyy M
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Figure 4: Size-resolved distributions of the particle-level coating-to-core mass ratio (MR;). Columns denote the bulk mass ratio of
coating to core (MRpuix), and rows correspond to summer, autumn, and winter. In each panel, the x-axis shows the rBC core diameter
(D.) and the y-axis shows MRi. Colors represent the rBC core mass, normalized to the maximum within each panel.
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Figure 5: (a) Normalized log-normal fitted rBC core mass size distribution (mSD) and (b) cumulative distribution function (CDF)
of mSD

3.4 Size-resolved Eans and MAC for rBC-containing particles

Assuming the rBC-containing particle follows a spherical core-shell structure, the theoretical E,,; and MAC of measured single
particles can be estimated by using Mie calculations. The SP2 detection limit prevents the determination of the mixing state
for a subset of particles. To present the E,» and MAC across the full MR; and core-diameter range, we performed pure Mie
calculations on a gridded MR—D. domain, using the bin midpoints of MR; and D. as representative inputs for each grid cell
(including regions where coating information is not retrievable). As shown in Fig. 6, the regions below the lower-left dashed
boundary (D, < ~140nm and MR;<~10) and above the upper-right dashed boundary (D> ~250nm and MR; > ~4) indicate the
SP2 detection limits.

As shown in Fig.6 (a), Eu, did not constantly increase with MR;. When MR; <~1.5, E. below ~1.25 were observed for rBC
cores between 80 and 500 nm, and for MR; between ~1.5 and 6, E.ss was slightly higher (~2) for rBC cores > 200 nm than for
smaller cores (~1.75). In contrast, when MR; >6, E. exhibited higher values for cores <200nm and reached up to a factor of
3 at MR; > 20. However, as shown in Fig.4, such extremely thick coatings are rarely observed in the atmosphere and primarily
represent a theoretical case. For most rBC-containing particles, the upper limit of E,, is about 2, consistent with numerous
field observations reporting values below 2 (Liu et al., 2017; Cappa et al., 2019; Yuan et al., 2021). Across the full MR; range,
only cores < 200 nm exhibited a monotonic increase in E.,. For the cores > 200nm and MR; > 1.5, E., exhibited a non-
monotonic dependence on MR;, with an initial maximum followed by a decline and a subsequent increase, likely due to the
interference and scattering within the coating slightly reducing the light focusing on the BC core (Bond et al., 2006; Lack and

Cappa, 2010). The mean MACuie; exhibited a strong dependence on MR; for rBC cores < 250 nm, showing an evident increase
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with increasing MR; (Fig. 6(b)). However, this dependence was less evident for larger cores. Additionally, when core diameter>
160 nm, MACwie,i generally decreased with increasing core size at a given MR;. This is related to the relatively large size
parameters approaching the geometric-optics regime, in which MACye; is inversely proportional to core diameter (Zanatta et
al., 2018).

By comparing Fig.4 and Fig.6, the high-mass rBC was observed in the region with MR; <2 and rBC core diameter < 300 nm
in all panels of Fig.4, corresponding to the low £, and MACuwiciregion in Fig.6. This suggests that, under ambient conditions,
a substantial part of the rBC mass is associated with coatings that are not sufficiently thick to induce a strong lensing effect.
As MRy increased, a progressively larger fraction of rBC mass appeared in the high-E,, and high-MA Cyiei region. Although
this increase involved only a relatively small fraction of the total rBC mass, MAC still increased (Fig.3). This suggests that
the presence of even a limited amount of thickly coated rBC can increase the MAC of the overall particle population. In
addition, in autumn and winter, an increase in rBC mass with core diameters > 300nm was also observed, corresponding to the

moderate-Eqps and low-MACuyie; region in Fig.6, which may contribute to the weaker MAC enhancement when MRy >2 in

Fig.3.
4 p N " 3.0 20
) w
. =
- 25
10738 e | 53
6: \‘ 1 g ;
- 2.0 § (>7
m 10z
& P
3
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1.5 5 @,
1.0 0
rBC core diameter (nm) rBC core diameter (nm)

Figure 6: Two-dimensional distributions of (a) mean absorption enhancement (Eqss) and (b) mass absorption cross-section (MA Cwie,i)
from Mie calculations, mapped across coating-to-core mass ratio (MR:;)and rBC core diameter (D). The black dashed curves mark
the SP2 coating-detection limits.

3.5 rBC mass distribution as a function of MR;

To better quantify the influence of mixing state heterogeneity on the absorption abilities of coated rBC, the rBC mass
distribution as a function of MR; (MDygr) was obtained from Fig.4 by integrating the rBC mass along the core size axis for
each MR; bin. As shown in Fig.7, differences in MDr are associated with variations in MAC across MRy intervals. A similar
result was reported in field measurements in Shanghai (Zhai et al., 2022), the unimodal structure represents a more

homogeneous mixing state, while the bimodal structure indicates a more heterogeneous mixing state. In MDy, the first peak
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at small MR; (<3) was attributed to freshly emitted rBC, while the second peak at large MR; (>3) was associated with the aged
rBC. According to Liu et al. (2017), absorption enhancement induced by the coating was observed only at coating-to-core
mass ratios> 3, with no enhancement for mass ratios < 1.5, and a transitional regime was defined between 1.5 and 3. Therefore,
the shifts or the decrease in height of the first peak in MDy indicate a reduced fraction of rBC mass with little or no lensing
effect, while the increase in the second peak height implies the enhanced fraction with significant lensing effect.

In summer, a more homogeneous mixing state was observed most of the time, as a unimodal MDyr. When MRp.u<1.5, MDr
showed limited variation, with its peak remaining nearly unchanged, consistent with the nearly constant MAC. When MR
increased to 2, the peak of MDy shifted slightly toward larger MR;, and rBC mass modestly increased in the higher MR;
regime, leading to an increase in MAC from 10.55 m? g'! to 11.43m? g''. Within the MRy range of 1.5-3.5, MDyg remained
broadly similar, and MAC remained unchanged. At MRy > 3.5, MAC increased sharply to 13.87 m? g”!, coinciding with a
pronounced increase in rBC mass at MR, > 5.

Regarding autumn, continuous variation in MDy; was observed with increasing MRpu. When MRy, <2, a more homogeneous
mixing state was observed. As MRy increased, the first peak of MDyr shifted slightly to larger MR;, while the height of the
second peak gradually increased. During this stage, MAC values increased significantly, which is related to the increase in the
fraction of thickly coated rBC. While for MR.x>2, a more heterogeneous mixing state was observed with bimodal MD, and
the second peak height remained nearly unchanged, whereas the height of the first peak decreased. This implies that the fraction
of thickly coated rBC became higher compared to that of thinly coated rBC. In this phase, the enhancement of MAC was less
significant compared to MRp,u < 2.

In winter, MAC exhibited a pattern similar to that in autumn, with a strong increase from low to intermediate MRy, followed
by a weaker increase at higher MRy However, the corresponding variations in MDy differed from those in autumn, When
MRy <2, the more homogeneous mixing state was also observed; the shift of the first peak was more evident, whereas the
enhancement of the second mode was less pronounced. At MRy.> 2, the second mode became more prominent, accompanied
by a reduction in the first-mode peak. Across autumn and winter, larger MAC variability tended to occur under a more
homogeneous mixing state (unimodal MDy or a weak second mode), whereas smaller MAC variability was associated with
a more heterogeneous mixing state characterized by bimodal MDyrz. Similar results have been reported in previous
studies(Fierce et al., 2016; Fierce et al., 2020b; Zhai et al., 2022). The different variation of MDyr between autumn and winter

may relate to different emission sources and atmospheric processes.
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Figure 7: Normalized rBC mass distribution as a function of coating-to-core mass ratio (MR;) for different seasons. The coloured
lines represent normalized rBC mass, while the coloured square markers indicate the MAC values (from Fig. 3) corresponding to
345  different bulk mass ratio of coating to core (MRpui) intervals.

Figure.8 further shows that, across all seasons, MAC increases as the rBC mass fraction at MR; < 1.5 decreases from
approximately 50 % to 30 %, while the fraction at MR;>3 increases from approximately 10 % to 40 %. Some particles yielded
negative coating thicknesses from the LEO fit. These non-physical values have been attributed to retrieval uncertainties in
previous studies (Taylor et al., 2015; Krasowsky et al., 2018). In addition, the rBC mass fraction at MR; <0 also decreases from
350 approximately 50 % to 10 % with increasing overall coating level and MAC. This indicates a reduced contribution from thinly
coated, or partially coated rBC particles, which exhibit little or no lensing enhancement. The concurrent decrease in mass

fraction of negative coating therefore suggests that these non-physical values may be associated with such particles.

0.6 - ——Summer —— Autumn —— Winter
: ——-MR>3 --B- 0<MR<1.5 -~ MR<0

Mass fracction

MR, bulk

355 Figure 8: Variations of mass fractions of rBC in different coating-to-core mass ratio (MR;) ranges with bulk mass ratio of coating
to core (MRyuix) for different seasons.
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3.6 Seasonal comparison of mixing state heterogeneity

Seasonal comparison of MDy across different MRy intervals was shown in Fig.9. For a given MRy interval, distinct MDyr
were observed for different seasons. In summer, the normalized rBC mass at the high MR; was consistently lower than the
other two seasons, and the second peak only appeared when MRy > 3.5. Nevertheless, the MAC of summer was not
significantly lower than other seasons. This can be attributed to the larger fraction of rBC cores without coating information
in summer (Fig. 5), particles below the SP2 detection limit are likely well aged and related to relatively high MACuic,i in Fig.
7. Such well-aged rBC likely originated from long-range transport and intense photochemical processing during summer (Yang
etal., 2025). As for autumn and winter, the influence of rBC mass lacking coating information on MAC was less pronounced,
as the majority of coating information was captured. Within the same MR, interval, autumn exhibited a higher second peak
height compared to winter, consistent with its higher MAC in autumn under comparable MR, intervals.

As discussed above, with increasing MRy, the increase in tBC mass occurred in different core-size regimes in autumn and
winter. In autumn, the added rBC mass was more pronounced at core diameters < 300 nm (Fig. 4), whereas in winter it was
more evident at core diameters > 300 nm. rBC from solid-fuel combustion is often associated with larger core sizes and thicker
coatings (Schwarz et al., 2008; Liu et al., 2014; Zhang et al., 2020). Consistent with this, the larger MMDs observed in autumn
and winter were linked to easterly winds (Fig. s4), which were also associated with higher mass concentrations, higher MRy,
and lower temperature. Previous studies have similarly shown that easterly transport at Melpitz is mainly related to residential
heating emissions from coal combustion and biomass-burning sources (Atabakhsh et al., 2023; 2025; Yang et al., 2025). In
addition, the contribution of solid fuel emissions was higher in winter, where biomass burning organic aerosol (BBOA) and
coal combustion organic aerosol (CCOA) together accounted for 38 % of total organic aerosol (OA), compared to only 13 %
in autumn (Atabakhsh et al., 2025). In autumn and winter, as MRk increased, easterly winds occurred more frequently than
westerly winds (Fig. s5).

Together, these lines of evidence suggest a stronger influence of solid-fuel combustion under high MRy conditions in autumn
and winter. The particle-to-particle mixing-state distributions show that this high population-averaged aging level was partly
attributed to the increased contribution from large-core rBC particles with relatively low absorption efficiency. This helps
explain why MAC remained nearly unchanged once MRy, exceeded 2.5 in both seasons. Consequently, solid-fuel-influenced
rBC populations exhibited lower MAC than populations with a similar bulk aging level but dominated by smaller, more

efficiently absorbing cores.
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Figure 9: Seasonal comparison of normalized rBC mass distributions as a function of coating-to-core mass ratio (MR;) ranges with
bulk mass ratio of coating to core (MRpuix).

3.7 Comparison between observations and Mie calculation

To assess how rBC mixing-state heterogeneity affects optical modelling, we compared MAC derived from measurements with

MAC predicted by Mie calculations. The Mie-derived MAC:s of this chapter were calculated from the rBC sizes ranging from

80 nm to 500 nm, which is the detection limit of this SP2, and contains most of the rBC mass (Fig.5b). The measured MAC
(MACeasurea) refers to the MAC values derived from the SMA fit between buss and m,5c in Fig.3.

Following the approach described in Sect. 2.4, we calculated the MACuwic, homogencous for different MRy, intervals in each season,

using the midpoint of each MR bin as input to the Mie model. As shown in Fig.10, MA Cuic homogeneous, Was consistently lower

than the MACeasured, With an average underestimation of 23%. The discrepancy was largest in autumn, ranging from 24 % to

33 %, compared with 12 %-29 % in summer and 19 %-32 % in winter. The homogeneous-mixing assumption partly

contributes to this underestimation, which does not capture the preferential occurrence of thick coatings on smaller rBC cores.

In addition, the MRy, was calculated only for rBC cores larger than 160 nm, which may contribute to the underestimation as

well. As shown in Fig. s6, MACuic, homogencous €Xhibited only limited seasonal variation. The variation in autumn and winter

largely overlapped in autumn and winter because of their similar rBC core-size distributions.

In contrast, MACuwie, heterogencous Was numerically closer to MACrcasured, With differences of less than 10 %. However, this

numerical agreement does not necessarily indicate that MAChie, heterogencous accurately reproduces the measured MAC. Particles

outside the SP2 detection range were not included, which may bias the calculated values. In addition, the arithmetic averaging

of single-particle MAC values may give disproportionate weight to the more numerous small-core rBC particles with thick

coatings, even though their contribution to population-integrated absorption is relatively limited. Nevertheless, incorporating
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single-particle formation partially captures mixing-state heterogeneity, as MA Chwic heterogencous better reproduces the variation
pattern in MA Cmeasured, particularly a pronounced increase at lower MRyuik, followed by a weaker increase at higher MRy in
autumn and winter.

The Mie-calculated MAC should therefore be interpreted qualitatively rather than as an exact quantitative reproduction of the
measurements, since the absorption properties of rBC-containing particles in the atmosphere are influenced by multiple factors,
including particle morphology, size, and the refractive indices of both the rBC core and the coating material(Bond et al., 2013;
Romshoo et al., 2021; Chen et al., 2025). Nevertheless, under the same core—shell geometry and refractive-index assumptions,
a simple assumption of mixing state heterogeneity leads to large discrepancies in MAC of the overall rBC population
simulations. This comparison demonstrates that particle-to-particle mixing-state heterogeneity should be considered in

parameterizations of BC absorption and estimates of its direct radiative effects. (Zhao et al., 2019; Zeng et al., 2024)

L MACmeasured'"."' MACMie,helerogenous""""""'" MACMi&hnmnganenus
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Figure 10: Comparison of MAC from Fig.3 (MACmeasured) and with Mie-calculated MAC for different seasons. Square markers
denote the MA Cmeasured. Circle and triangle markers represent Mie-derived MAC based on the rBC core size distribution and single-
particle information, referred to MA Cwie, homogeneous and M A Chie, heterogeneous, respectively.

4. Conclusion

Measurements of refractory black carbon (rBC) properties were conducted from August 2021 to February 2022 at the central
European background site Melpitz, Germany. rBC properties were characterized for three seasons, with a particular focus on
mass absorption cross-section (MAC) and mixing state. The mass ratio of coating to core was used to quantify the mixing
state, both for the bulk rBC population (MR.x) and individual rBC particles (MR;). The rBC mass distribution as a function
of MR; (MDug) was further used to characterize the mixing state heterogeneity

During summer, MAC showed only a weak dependence on MR, ranging from ~10.50 m? g*'to 11.5 m? g!. This observation
coincides with a predominantly unchanged unimodal MD,z, indicating a relatively homogeneous mixing state. In contrast,

autumn and winter showed larger changes in mixing-state heterogeneity as MRy increased, with MAC ranging from 9.44m?

430 g'to 12.72 m? g'! in the autumn and 9.39 m? g'! to 12.17 m? g’ in winter, respectively. In both seasons, the MDur evolved

17



435

440

445

https://doi.org/10.5194/egusphere-2026-5074
Preprint. Discussion started: 26 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

from a unimodal to a bimodal distribution with increasing MRy, indicating a more heterogeneous mixing state, and MAC
enhancement was associated with shifts in the first mode at lower MR; and an enhanced contribution of the second mode at
higher MR;. The sensitivity of MAC to changes in mixing state also depended on the initial degree of heterogeneity: changes
within relatively homogeneous rBC populations were associated with stronger MAC variations, whereas further changes
within already heterogeneous mixing states produced only limited MAC changes.

For a given MRy, MAC was generally higher in the autumn compared with summer and winter, which was associated with
a higher second mode of MDyx, and a large contribution from thickly coated rBC particles. Furthermore, increases in rBC
mass with core sizes > 300 nm were more frequently observed in autumn and winter. These large rBC cores, even with
relatively thick coatings, tended to exhibit weaker absorption enhancement and thus lower MAC, consistent with increased
contributions from biomass burning and coal combustion, particularly in winter.

Mie calculations further revealed substantial differences in the simulated MAC of the overall rBC population when particle-
to-particle mixing-state heterogeneity was represented in different ways. When the mixing state of each individual particle was
considered, the simulation better captured the variation in population-level MAC with MRy, particularly in reproducing the
pronounced MAC increase at lower MRy, and the weaker increase at higher MRy.. Overall, these results highlight that an
explicit representation of rBC mixing-state heterogeneity is essential for accurately simulating aerosol light absorption and for

reducing uncertainties in estimates of rBC radiative forcing from regional to global scales.

Appendix A: Notation list

ACTRIS Acrosols, Clouds, and Trace gases Research InfraStructure network
BBOA biomass burning organic aerosol

BC black carbon

Dabs aerosol absorption coefficient

Cabs absorption cross-section

CCOA coal combustion organic aerosol

CDF cumulative distribution function

D. refractory black carbon core diameter

D, overall diameter of an rBC-containing particle

D,/De bulk relative coating thickness

Eabs absorption enhancement

Eabs.i absorption enhancement of the ith individual rBC-containing particle
GUAN German Ultrafine Aerosol Network
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IPCC

LEO

LII

MAAP
MAC

MA Cineasured
MA Cwic,i
MA Chic homogeneous
MA Chie heterogeneous
MDwmr
MMD

MR

MRpuik

MR;

m:Bc

mSD

OA

PM;o

rBC

SMA

SOA

SP2

TEM
TROPOS

Intergovernmental Panel on Climate Change

leading-edge-only fitting method

laser-induced incandescence

Multi-Angle Absorption Photometer

mass absorption cross-section

measured mass absorption cross-section derived from SMA regression

Mie-calculated mass absorption cross-section of the ith individual rBC-containing particle
Mie-calculated mass absorption cross-section under the homogeneous-mixing assumption
Mie-calculated mass absorption cross-section under the heterogeneous-mixing assumption
rBC mass distribution as a function of the single-particle coating-to-core mass ratio

mass median diameter

mass ratio of non-BC coating to rBC core

bulk population-averaged mass ratio of non-BC coating to rBC core

single-particle mass ratio of non-BC coating to rBC core

mass concentration of refractory black carbon

rBC core mass size distribution

organic aerosol

particulate matter with an aerodynamic diameter of 10 micrometres or less

refractory black carbon

standardized major axis regression

secondary organic aerosol

Single Particle Soot Photometer

transmission electron microscopy

Leibniz Institute for Tropospheric Research
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