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Abstract

Black carbon (BC), play a crucial role in climate change due to their significant impact on
radiative forcing. This study investigates the influence of organic carbon (OC) coatings on the
optical properties of BC aerosols using Mie theory-based calculations. We have examined a
range of core diameters and coating thicknesses to assess changes in both absorption and
scattering cross-sections. The results reveal that coatings consistently enhance both absorption
and scattering properties, with the enhancement in scattering being higher in magnitude than
enhancement in absorption. The study compares the optical properties of coated BC with that
of OC particle having same dimensions, showing that as the coating thickness increases, the
optical behavior of the coated BC particle converges towards that of OC. The calculations for
radiative forcing efficiency showed that as the coating on BC was increased, its forcing
efficiency decreased, implying that organic coated BC may have a reduced radiative impact in
the atmosphere.

Keywords: black carbon, organic carbon, enhancement ratio, radiative forcing, mie theory

1. Introduction

Aerosols play a crucial role in atmospheric radiative forcing by interacting with incoming solar
and outgoing terrestrial radiation. Their overall effect on Earth’s energy balance depends on
whether they scatter or absorb radiation. Scattering aerosols increase the planetary albedo and
lead to negative radiative forcing (cooling effect), whereas absorbing aerosols decrease albedo
and result in positive radiative forcing (warming effect). Globally, aerosol forcing remains one
of the largest uncertainties in estimating total anthropogenic radiative forcing and future
climate projections [1]. Among various aerosol types, BC is a strong absorber of solar radiation
and contributes positively to radiative forcing. It is among the top anthropogenic contributor,
along with CO, and methane, with an estimated effective radiative forcing (ERF) of 0.11 W
m2, and a likely range of —0.20 to +0.42 W m™2, reflecting both positive and negative values
after accounting for cloud, lapse-rate, and atmospheric water-vapor adjustments [1, 2]. In
contrast, OC aerosols, the other major type of carbonaceous aerosol, are primarily scattering in
nature and generally exert a negative radiative forcing, with an emissions-based ERF of —0.21
W m™2 and a range of —0.44 to +0.02 W m2, where the small positive contribution arises from
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light-absorbing organic compounds, often referred to as brown carbon (BrC) [1]. These ranges
highlight the substantial uncertainties in aerosol forcing estimates, which arise from variations
in optical properties, morphology, mixing state, and atmospheric aging, as well as from
interactions with clouds and the cryosphere [1-6]. The evolving nature of these aerosol
characteristics during transport makes the degree of absorption and scattering highly variable.
Such uncertainties directly impact climate model predictions of temperature responses,
radiative fluxes, and the assessment of mitigation strategies for anthropogenic aerosols.

In the atmosphere, BC is typically co-emitted with OC during combustion, which leads to
external and internal mixing states. In internal mixing, the OC vapors can get condensed on the
BC substrate, leading to the complete or partial encapsulation of BC. In external mixing, BC
and OC remain separated but get mixed externally. The evaluation of BC optical properties
remains restricted due to the significant uncertainties associated with BC morphologies and
mixing states [5, 7, 8]. The internal mixing state of BC has been extensively investigated for
its light absorption properties [9, 10]. Theoretical calculations using the Mie core-shell model
have shown that when BC is coated with OC, then the shell acts as a lens to increase the overall
absorption properties of BC. This is termed the lensing effect [11]. Experimentally, thermal
heating methods have been used to study this absorption enhancement [ 12]. Heating the aerosol
at preset temperature leads to the removal of coatings from BC substrate. The ratio of
absorption coefficients measured before and after removal of organic coatings provides the
absorption enhancement ratio Eaps. Both laboratory experiments and field measurements show
increased absorption due to coatings on BC, leading to Eans greater than 1 [12, 13, 14, 15].
However, the coatings on BC, along with its absorption, are expected to alter its scattering
properties as well. The changes in scattering properties due to coating are comparatively less
explored. Few laboratory measurements have reported enhancement in BC’s light scattering
upon coating [16, 17, 18]. Similar to case of absorption enhancement, the enhancement in light
scattering can be expressed in the form of scattering enhancement ratio Esa. In terms of
absolute magnitude, Esc. observed in these experimental studies was higher than Eaps. In order
to estimate radiative forcing potential, along with absorption, scattering as well plays an equally
important role. Climate models, which include enhancement in BC absorption due to its mixing
state, often assume an Eans value of ~1.5 - 2 for its radiative forcing estimation [10, 19].
However, the changes in the scattering properties of coated BC particles and their potential
effect on radiative forcing capabilities remain contentious and unaddressed.

In this study, we have performed Mie theory calculations on the core-shell model to estimate
changes in both absorption and scattering properties of coated BC spheres. The study focuses
on the implications of OC coating on the overall optical properties of BC, providing insights
into how these changes may affect radiative forcing potential. By examining both absorption
and scattering enhancements, could help in improving the accuracy of radiative forcing
estimates and contribute to a better understanding of BC’s role in climate change impact.

2. Methods
2.1.Model configurations

The spherical core—shell model was investigated using the Mie theory—based PyMieScatt
computational package [20], which provides exact solutions for the scattering and absorption
of light by spherical particles. In this study, internally mixed aerosols were represented by a
BC core and an OC shell. This configuration is physically plausible, as organic species can
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condense on the insoluble BC core either immediately after emission or during subsequent
atmospheric aging [21]. The core—shell model has been widely used in previous studies to
investigate light—particle interactions and BC optical properties [9, 10, 22, 23]. While this
model offers a convenient and computationally efficient framework for examining the optical
behavior of internally mixed aerosols, it assumes homogeneous and concentric spherical
particles. This idealization neglects real-world complexities such as non-spherical or
aggregated BC morphologies, partial coatings, and variable refractive index distributions
within particles. These deviations can lead to discrepancies between modeled and observed
optical properties, particularly for quantities such as the absorption enhancement factor (Eabs)
and single scattering albedo.

Nevertheless, Mie theory—based core—shell simulations remain valuable for quantifying first-
order effects of coating and particle size on light absorption and scattering, and they continue
to serve as the foundation for many regional and global climate models. However, it is
important to recognize that the idealized nature of the core—shell morphology can lead to an
overestimation of absorption enhancement and radiative forcing [15, 16, 24, 25]. Observational
and microscopic analyses indicate that actual BC-containing aerosols often deviate
significantly from this geometry. Consequently, the enhancement ratios and radiative forcing
estimates derived in this study should be interpreted as upper-limit scenarios for coated BC
particles. Despite these limitations, the Mie-based approach continues to provide essential
insights into the sensitivity of aerosol optical properties to coating effects and serves as a
benchmark for more complex modeling techniques such as the discrete dipole approximation
and T-matrix methods [26].

The core diameter was varied from 10 nm to 500 nm, and the shell thickness was varied from
10 nm to 1000 nm. The wide range of core and shell thicknesses considered here is expected
to include most of the observable size range of BC in the atmospheric aerosol [10]. The
parameters considered for the simulation are compiled in Table 1. The study primarily discusses
the optical properties of the coated BC at 550 nm, which is near the center of the visible light
solar spectrum. Most of the optical measurements of aerosols are reported at 550 nm, so it
makes simulation findings relevant and easily comparable with a large body of existing
literature. However, the calculations were also performed for other wavelengths at 350 nm, 450
nm, and 650 nm, and compiled as supplementary information. The refractive indices at 550 nm
for BC and OC were taken as 1.95 + 0.791 [30] and 1.60 + 0.00831, respectively. The choice of
the imaginary part of the refractive index (k) for OC was based on values reported in literature
(Table S1). The real part (n = 1.60) was selected consistent with previous studies [27, 28, 29].
To account for variability in OC absorption, we performed a sensitivity analysis using a range
of imaginary refractive index values (koc = 0.00001-0.03) at 550 nm, representative of purely
scattering to strongly absorbing brown carbon (BrC) [31]. The real part of the refractive index
was fixed at n = 1.60, consistent with literature-reported values for OC. In this sensitivity
analysis, we systematically examined the effect of varying k on the absorption and scattering
enhancements of BC particles coated with OC.

2.2. Enhancement calculations

Based on the calculated absorption cross-section, the Eaps for a given BC core was estimated
using following equation:
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C
Eabs — abs_coated (1 )

C b
abs_uncoated

where Cabs coated 18 the absorption cross-section of coated BC sphere and Cabs uncoated 15 the
absorption cross-section of uncoated BC sphere with core diameter remaining unchanged.

On similar lines the enhancement in scattering due to organic coatings was estimated in terms
of Esca using following equation:

_ Csca_coated
Eqoq = pconted @
sca_uncoated
where Cabs coated 1S the scattering cross-section of coated BC sphere and Cabs uncoated 15 the
scattering cross-section of uncoated BC sphere with core diameter remaining unchanged.

It is important to note that we are comparing coated BC with uncoated BC for the same core
size. However, to isolate the effect of coating on the standalone optical properties of BC, the
contribution of the shell to absorption and scattering must ideally be removed. Some studies
have attempted to estimate the shell contribution to absorption using linear algebraic methods
[31, 32]. In these approaches, the absorption due to the shell is derived by subtracting the
absorption cross section of a “bare” OC particle from that of a “coated” OC particle, where the
morphologies correspond to those of bare and coated BC, respectively. However, since light
absorption is not linearly dependent on particle size or morphology, these methods only provide
an approximate estimate of the shell absorption and do not represent the true absorption
capacity of the coating. Moreover, these methods are less suitable for assessing scattering
properties, which are even more sensitive to particle size and morphology [33]. Therefore, to
accurately assess the standalone optical properties of BC, more advanced numerical methods
or direct experimental validation are required to better quantify the shell contribution. In the
present study, we focus on the consolidated optical properties of coated and uncoated BC
particles to understand their overall radiative behavior. Additionally, the simulations are
extended to compare coated BC with standalone organic aerosol for different size
configurations.

2.3 Radiative forcing implications

The effect of change in scattering potential due to coatings on BC aerosol can significantly
impact its radiative forcing potential. The simple forcing efficiency (SFE) proposed by Bond
and Bergstrom 2006 [34], is given as

SFE = =2 Fr 12(1 — A;)(2(1 — R)*B.MSC — 4R,. MAC), 3)

where Fy is the solar irradiance, 1 is the atmospheric transmission, A. is the cloud fraction, Rs
is the surface albedo which will depend on the location of the aerosols, 3 is the backscatter
fraction estimated using Mie calculation, and MSC and MAC are the mass scattering and mass
absorption cross sections per gram, respectively. MSC and MAC can be estimated from the
scattering and absorption cross-sections by normalizing them by their mass. The mass of coated
and uncoated BC particle was estimated using the density provided in Table 1. The SFE Eq.
can be framed to include wavelength dependence as stated following equation:

d(SFEQ) _  1dFr(Q)

— S 2()(1 - A)(2(1 — R)?B(A). MSC(A) — 4R MAC(R). (4)
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This equation is used to investigate the effects of changes in absorption and scattering

dFT was obtained from the ASTM

G173-03 Reference Spectra. The cloud fraction A, was taken as 0.6 and surface albedo Rs was
taken as 0.19 [35]. The results of this study will provide valuable insights into the impact of
BC coatings on radiative forcing potential, helping to improve climate models and predictions.

properties due to coatings on BC sphere at 550 nm. Here,

Table 1 List of parameters used for Mie theory calculations in this study

Parameters Value Reference

Core diameter range 10 nm to 500 nm -

Shell thickness range 10 nm to 1000 nm -

Wavelength 550 nm -

Refractive Index 550 nm -

BC 1.95+0.791 Bond and Bergstrom, 2006
[34]

oC 1.60 + 0.0083 i Refer Table S1

Density

BC 1.8 gcm™ Bond et al., 2006 [10]

OoC 1.1 gem® Schkolnik et al., 2007 [36]

3. Results and discussion

3.1 Enhancement in absorption and scattering cross-section

The optical cross-sections calculated using Mie theory were used to estimate Eaps and Esca
values using Eq. 1 and Eq. 2, respecively. In our study, the Eabs and Esca were calculated for
a wide range of core—shell configurations to systematically explore the theoretical parameter
space. The Eaps was consistently greater than 1 for all non-zero coating thicknesses examined
in this study, a result that aligns with prior experimental and theoretical studies [3, 12, 32, 37].
The variation in Eaps for various combinations of core and coated thickness is shown in Fig. 1.
The increase in absorption cross-section for coated BC spheres is due to the lensing effect [31].
For a given core size, Eaps increased with the increase in coat thickness. The smallest core size
and largest coating thickness configuration exhibited the highest Eaps. This suggests that the
thickness of the coating on the BC sphere plays a significant role in enhancing absorption. Fig.
1 present results for the full theoretical parameter space, including extreme coating factors,
which show very high Eabs values. Similar trends for extreme absorption enhancements at very
high coating factors were also predicted by Bond et al. (2006) [10] using Mie theory for
lognormal BC distributions. However, for realistic coating factors, the Eabs values obtained
were physically plausible. For illustration purposes, we show Eas for a 120 nm BC core,
corresponding to the typical BC core sizes of aged biomass-burning aerosols reported in the
literature [38, 39]. A coating factor range of 1-3 was considered to represent realistic
atmospheric conditions [38]. It can be seen in Fig. S1 that the obtained Eaps values (1-3) are
plausible and consistent with both theoretical expectations and experimental observations [3,
12, 32, 37]. The enhancement values obtained in this study are theoretical estimations for
change in absorption cross-section due to coating for a single sphere. However, for an
experimental setup in real scenarios, the values of Eaps represent an ensemble of coated particles
with complex morphologies. For more accurate resemblance to a real-world scenario, advanced
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simulation methods need to be explored, which is beyond the scope of the present investigation.
However, the core shell model with Mie theory solutions is widely employed and it does
provide valuable insights that can suggest accurate further studies.

Analogous to absorption cross-section, the scattering cross-section of coated BC was also
found to be higher than the uncoated BC sphere. The increase in scattering cross-section is due
to an increase in physical dimension caused by organic coating which is predominantly
scattering in nature. The increase in scattering cross-section with coating thickness indicates
that the presence of a coating can enhance the scattering of radiation by BC particles in the
atmosphere. The net effect was the Esca being greater than 1 for non zero coating thickness. The
data presented in Fig. 2 illustrates the relationship between core and coating thickness on the
Esca. The variation pattern of Esa with respect to core diameter and coat thickness is similar to
that observed for Eaps. The Esca typically increased with an increase in coat thickness for any
given core size. The Esca was equal to 1 for no coating configuration across all the core sizes as
expected. Smaller core sizes combined with thicker coatings exhibited extreme Esca values,
similar to the trends observed for Eabs. However, for realistic coating factors, the Esca values
were physically plausible. Figure S1 also illustrates Esca for a representative case of a 120 nm
BC core, where Esca reaches approximately 14 at a coating factor of 2. The Rayleigh—Debye—
Gans theory for coated fractal aggregates by Lefevre et al. (2019) [16] similarly predicts that
Esca for soot can exceed 10 for organic coating fractions greater than 60% (corresponding to
an effective coating factor of = 2.2) and can surpass 50 for 100% organic coating (effective
coating factor = 3), depending on the wavelength.

Compared to Eaps, the magnitude of Esa was higher. Fig. 3 illustrates how the ratio of Esca to
Eavs changes with core size and coating thickness. For most configurations of core size and
coating thickness, this ratio was typically greater than 1. However, in cases of high core size
combined with very low coating thickness, the enhancements in absorption and scattering were
comparable and close to 1. This suggests that the organic coating on BC has a more pronounced
effect on its scattering properties than on its absorption properties, a finding that is supported
by previous experimental studies [16, 17, 18]. It highlights the critical role of coating thickness
in modulating the scattering properties of BC aerosols.

A similar pattern of variation in absorption and scattering enhancements with different core
and coating configurations was observed at the other wavelengths of 350, 450, and 650 nm, as
illustrated in Fig. S2 and Fig. S3. For all core—shell combinations at these wavelengths, both
Eabs and Esca remained greater than 1 for non-zero coating thicknesses, consistent with the
trends observed at 550 nm. Furthermore, as at 550 nm, Esca was generally larger than Eabs for
most combinations of core diameter and shell thickness, highlighting the more pronounced
effect of the organic coating on scattering compared to absorption. These results indicate that
the presence of an organic coating consistently enhances the optical cross-sections of BC across
the studied spectral range, with the magnitude of enhancement depending on both the core size
and coating thickness.
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w
Log10(Eabs)

234

235  Fig. 1 Enhancement in absorption cross-section due to organic coating on black carbon core

236

237  Fig. 2 Enhancement in scattering cross-section due to organic coating on black carbon core
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log10(Esca / Eabs)

Fig. 3 Comparision of enhancement in scattering and absorption cross-section due to organic
coating on black carbon core

In general, the absorption enhancement (Eabs) was higher at shorter wavelengths across all core
and shell combinations, reflecting the stronger absorption contribution from the OC shell in the
near-UV and visible range. Conversely, at longer wavelengths, the shell becomes more
transparent, reducing its direct contribution to absorption. To further illustrate this wavelength-
dependent behavior, a representative case of a 120 nm BC core coated with a 50 nm OC shell
is shown in Fig. 4. The absorption enhancement decreases from 1.78 at 350 nm to 1.49 at
650 nm, reflecting the strong absorption of the OC shell at short wavelengths (koc~0.0693 at
350 nm), which diminishes as the shell becomes increasingly transparent at longer wavelengths
(koc~0.0033 at 650 nm). In contrast, the scattering enhancement increases from 3.4 to 5.8 over
the same wavelength range because the reduction in shell absorption allows the shell to
contribute more effectively to scattering, and the coated particle’s larger effective size reduces
the wavelength dependence relative to the bare core. These results demonstrate the competing
effects of shell absorption and size augmentation on the optical properties of coated BC
aerosols and highlight the importance of wavelength in determining their radiative impact.
These trends demonstrate the competing effects of shell absorption and size augmentation on
the optical properties of coated BC aerosols. The overall change in absorption and scattering
cross-section due to coatings provides valuable insights for understanding the optical behavior
of coated BC particles in the atmosphere.
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Fig. 4 Wavelength dependence of absorption and scattering enhancement for a 120 nm black
carbon core with a 40 nm organic carbon shell.

To examine the sensitivity of optical enhancement due to the choice of imaginary part of the
complex refractive index (k) of an organic shell coating BC cores, we varied the imaginary part
of the OC shell, while keeping the real part fixed at 1.60. The k values ranged from 0.00001
(representing purely scattering OC) to 0.03, corresponding to strongly absorbing BrC, as
categorized by Feng et al. (2013) [30]. The results shows that as k increased, absorption
enhancement rose steadily (refer Fig. S4). This trend shows that as the shell becomes more
absorbing, it contributes more directly to the overall absorption of the particle system. The
lensing effect wherein the coating focuses light onto the absorbing BC core remains active, and
the added shell absorption compounds the enhancement. In contrast, scattering enhancement
was largely insensitive to the imaginary part of the shell’s refractive index across the considered
range (Fig. S5), consistent with expectations that scattering is primarily governed by particle
size and refractive index contrast rather than absorption.

3.2 Comparison of coated BC sphere with OC sphere

In order to gain further insights into the optical properties of coated BC, its optical properties
were compared with OC spheres having the same physical dimension. For this comparison, the
ratio Raps of absorption cross-section of the coated BC and that of standalone OC with the same
diameter was considered. Similarly, the ratio Rsca of scattering cross-section of the coated BC
and that of standalone OC with the same diameter was estimated. Coating thickness can be
expressed in terms of coating factor (CF), which is defined in this study as the ratio of the
diameter of the coated sphere to the uncoated sphere. Figure 5, shows the changes in Raps with
CF for different core BC diameters. It can be seen that as the coating thickness is increased, the
Rabs approaches 1, irrespective of the core diameter. Figure 6, shows the changes in Rsca with
CF for different core BC diameters. Similar to Rabs, Rsca also approaches 1 with the increase in
CF. However, the rate of approach to 1 is faster for Rsca compared to Rans. Thus for a given BC
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core diameter, as the OC coating increases, the optical properties inclusive of absorption and
scattering part for the overall particle converges to those of the OC particle having the same
dimension. It implies that the core BC gradually loses its optical significance as the OC coating
increases. As seen from Fig. 5, when the CF increases above 15, the absorption properties of
coated BC and pure OC are almost alike. Similarly, the difference in scattering properties of
coated BC and standalone OC becomes insignificant when CF increases above 4. Although
such high coating factors have not been reported in real-world scenarios, they may be
theoretically plausible for ultrafine BC cores with diameters of just a few nanometers. These
results indicate that as the OC coating on BC becomes thicker, the optical signature of the BC
core contributes progressively less to the overall particle optical properties. Consequently,
under conditions of substantial coating thickness, the particle may be optically approximated
as a pure OC particle, neglecting the BC core depending on the coating factor. However, these
modeling results should be interpreted cautiously and warrant further validation through
laboratory measurements and simulations using more realistic, fractal-like BC morphologies
rather than the idealized core—shell approximation.

1.0
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0.4 1 Core Diameter = 20 nm
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2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Coating Factor

Fig. 5 Effect of coating factor on ratio Raps of absortion crosssection of solid organic carbon
and coated black carbon sphere at different core diameteres
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Fig. 6 Effect of coating factor on ratio Rsca of scattering crosssection of solid organic carbon
and coated black carbon sphere at different core diameteres

3.3 Implications on radiative forcing potential

The SFE at 550 nm was estimated for coated BC spheres for various configuration of core and
coat thicknesses using Eq. 4. The 3 was calculated directly from Mie theory using PyMieScatt,
defined as the ratio of backscattering to total scattering cross-section (f = Cpack / Csca).
Physically, B represents the fraction of incident light scattered into the backward direction, as
described by Bohren and Huffman, 2008 [33]. The value of B depends on particle size, coating
thickness, and refractive index contrast, and thus varies for each configuration considered. In
our simulations at 550 nm, B values are presented in Fig. 7a. As expected, B decreases with
increasing coating factor for a given BC core size, reflecting the enhanced forward scattering
for larger or more heavily coated particles. MAC and MSC required for the calculation of SFE
were also estimated using Mie calculations by normalizing the optical cross-section by their
respective masses. Fig. 7b and 7c, illustrate the variations in MAC and MSC, respectively, as
a function of the coating factor. MAC value for uncoated BC sphere CF = 1 was found to be
vary from 4.8 to 7.1 m? g'! depending on the BC diameter. This range aligns with the MAC
values reported for BC calculated using Mie theory [34, 37, 40]. MAC for uncoated BC
obtained in this study was found to be increasing with the diameter. The trend is consistent with
existing literature, as MAC is expected to increase with diameter up to certain diameter before
decreasing in magnitude [40, 41]. With respect to coating factor, MAC for the coated BC sphere
was found to decrease with increase in organic coating thickness as shown in Fig. 7b.
Conversely, it was found that MSC for the coated BC sphere increased with thicker coatings as
seen in Fig. 7c. This behaviour can be attributed to the altered optical properties resulting from
the introduction of organic coatings, which modifies the overall composition of the particle.
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Fig. 7 Variation in (a) backscatter fraction (), (b) mass absorption cross-section and (c) mass
scattering cross-section with changes in coating factor for given black carbon core diameters

The variation of SFE with coating factor for different BC core diameters at 550 nm is shown
in Fig. 8, and at 350, 450, and 650 nm in Fig. S6 (Supplementary Information). As the thickness
of the OC coating on BC increases, the SFE of the coated particles decreases irrespective of
the core diameter. This reduction in SFE results from the combined influence of absorption and
scattering enhancements induced by the organic coating. Although both absorption and
scattering cross-sections increase with coating, the enhancement in scattering is more
pronounced, leading to an overall rise in single scattering albedo (SSA) and, consequently, a
reduction in SFE, as discussed in Section 3.1. Since radiative forcing is highly sensitive to
variations in SSA, this increase in scattering diminishes the net forcing effect of coated BC
[42]. For instance, for a 100 nm BC core, an increase in coating factor from 1 to 3 reduces the
SFE by nearly 80%. This implies that in real-world scenarios, where BC particles are frequently
encapsulated by organic coatings, their radiative forcing impact may be less significant than
previously estimated. Hence, considering only absorption enhancement while neglecting the
concurrent increase in scattering due to organic coatings can lead to an overestimation of the
radiative forcing potential of coated BC. These findings hold important implications for climate
models and the accurate representation of aerosol-radiation interactions in the Earth’s energy
budget.

The magnitude of SFE at any coating factor was found to decrease with increasing wavelength,
consistent with the stronger absorption of OC at shorter wavelengths. To isolate the effect of
wavelength-dependent shell absorption, SFE values for absorbing and non-absorbing shells
(koc = 0.00001) were computed for a 120 nm BC core at four wavelengths (350, 450, 550, and
650 nm) and are shown in Fig. 9. Across all coating factors, the absorbing-shell cases exhibited
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359  consistently higher SFE values than their non-absorbing counterparts. The difference between
360 the two increased with coating factor and was more pronounced at shorter wavelengths,
361  reflecting the stronger absorption of OC in the near-UV region. At longer wavelengths, where
362  OC absorption weakens, the difference in SFE between absorbing and non-absorbing shells
363  became smaller.
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365  Fig. 8 Variation in simple forcing efficiency with changes in coating factor for given black
366  carbon core diameters at 550 nm wavelength
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Figure 9 Variation of simple forcing efficiency (SFE) with coating factor for a 120 nm BC core
at four wavelengths (350, 450, 550, and 650 nm). Solid lines represent the case of an absorbing
organic shell (imaginary refractive index, koc = 0.0726, 0.0210, 0.0083, and 0.0028 at 350,
450, 550, and 650 nm, respectively), while dashed lines denote a non-absorbing shell (koc =
0.00001).

4. Conclusion

The study demonstrates the significant influence of coating thickness and core size on the
optical properties of BC sphere. The results reveal that both the absorption and scattering cross-
sections of coated BC particles are enhanced compared to uncoated BC, primarily due to the
lensing effect and the increased physical dimension due the coating. The enhancement in
scattering was more pronounced compared to absorption, highlighting the critical role of
coating thickness in modulating the scattering properties of BC aerosols. The study finds that
very thick organic coatings can reduce the optical significance of BC core lowering its relative
contribution to overall absorption and scattering. The SFE of coated BC was found to decrease
with increasing coating thickness, suggesting less pronounced impact on radiative forcing in
real-world scenarios where BC particles are usually coated with organic material. Overall, these
insights emphasize the need for careful consideration of coating effects on the optical properties
of BC for assessment of its impact on radiative forcing.
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Table S1 Imaginary part (k) of the refractive index of organic carbon reported by previous studies at
different wavelengths.

Wavelength | Kirchstetter | Chen Chen Chen Feng Rathod | Rathod | Average
(nm) etal. (2004) | (2011) | (2011) | (2011) | etal. et al. et al. K
Low-T' | Mid-T' | High-T" | (2013) | (2017, | (2017,
Wood) | Dung
cake)
350 0.168 0.0499 | 0.0571 | 0.0971 | 0.075 | 0.0140 | 0.0470 | 0.0726
450 0.063 0.00635 | 0.0098 | 0.0274 | 0.020 | 0.0030 | 0.0250 | 0.0210
550 0.030 0.0015 | 0.0021 | 0.00545 | 0.003 | 0.0020 | 0.0150 | 0.0083
650 0.005 0.00147 | 0.0010 | 0.0027 | 0.0003 | 0.0010 | 0.0090 | 0.0028
" Low-T, Mid-T, and High-T refer to the organic carbon generated at different combustion
temperatures in Chen (2011).
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Fig. S1 Absorption (Eabs, left y-axis) and scattering (Esca, right y-axis) enhancement factors of core—
shell particles with a 120 nm BC core as a function of coating factor at 550 nm.
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carbon (OC) as a function of coating factor for different BC core sizes at three wavelengths:
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