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Black carbon radiative forcing at 
TOA decreased during aging
Yu Wu, Tianhai Cheng, Lijuan Zheng & Hao Chen

During aging processing, black carbon (also called soot) particles may tend to be mixed with other 
aerosols, and highly influence their radiative forcing. In this study, freshly emitted soot particles were 
simulated as fractal aggregates composed of small spherical primary monomers. After aging in the 
atmosphere, soot monomers were coated by a thinly layer of sulfate as thinly coated soot particles. 
These soot particles were entirely embedded into large sulfate particle by further aging, and becoming 
heavily coated soot particles. In clear-sky conditions, black carbon radiative forcing with different 
aging states were investigated for the bottom and top of atmosphere (BOA and TOA). The simulations 
showed that black carbon radiative forcing increased at BOA and decreased at TOA after their aging 
processes. Thinly and heavily coated states increased up to ~12% and ~35% black carbon radiative 
forcing at BOA, and black carbon radiative forcing at TOA can reach to ~20% and ~100% smaller for 
thinly and heavily coated states than those of freshly emitted states, respectively. The effect of aging 
states of black carbon radiative forcing was varied with surface albedo, aerosol optical depth and solar 
zenith angles. These findings would be helpful for the assessments of climate change.

Solar absorption and scattering by black carbon is one of the critical issues with large uncertainties in climate 
change studies1. As main sources of anthropogenic atmospheric aerosols, black carbon (BC, also called soot or 
light absorbing carbon) particles are mainly emitted from the incomplete combustion of fossil fuels and biomass 
burning, and become one of the most important components of global warming in terms of direct forcing2. Mass 
absorption strength and scattering ability of an aerosol particle strongly depends on the particle effective size 
and mixing state3,4. Both of those quantities depend on the size and chemical composition of black carbon as it 
is released into the atmosphere as well as its micro- physical and chemical evolution during transport through 
the atmosphere5,6. During atmospheric processing, soot particles tend to be internally mixed with other weak or 
non-absorbing materials, such as sulfate, organics, dust, and sea salt7–9. The radiative forcing contribution of these 
light absorbing aerosols is still quite uncertain in climate forcing assessments because of the incomplete under-
standing of the effect of aging states on the radiative properties of soot aerosols10,11.

The direct radiative forcing of aerosols on the atmospheric radiation balance of the Earth mainly depends 
on their optical properties12,13. The variation of single scattering albedo can modify the sign of the aerosol radia-
tive forcing (cooling/heating, depending on the planetary albedo), while the asymmetry parameter of the phase 
function together with aerosol loading can drive the magnitude of aerosol radiative forcing14,15. Previous studies 
indicated that the extinction coefficient, single scattering albedo and asymmetry parameter of soot aerosols may 
be significantly affected by their mixing states16,17. Previous laboratory experiments showed that the embedding 
of soot aggregates in weakly absorbing particles leads to the enhancement of light absorption and scattering18. 
This amplification of the absorption cross-section for soot internally mixed (or coated) with sulfate or organics 
was measured up to ~150− 200%19. The radiative forcing at the top of the atmosphere (TOA) was simulated as two 
times higher if fresh black carbon is modeled as an aggregate instead of a homogeneous sphere20. The radiative 
forcing is also ~20% less when modeling internally mixed BC particles as embedded lacy aggregates than with 
a simple core-shell shape, which is the shape assumed in many climate models21. These studies indicate that it is 
necessary to account for the radiative effects of morphological differences and aging states of aerosols in climate 
modeling22.

Based on the transmission electron microscopy (TEM) and scanning electron microscopy (SEM) images, the 
freshly emitted soot aerosols were aggregated by hundreds of tiny monomers (primary particles)23,24. The radi-
ative properties of soot aggregates are mainly influenced by complex morphological and chemical parameters, 
such as fractal structure, monomer character, mixing state, and refractive index25–27. Results of in situ measure-
ments and laboratory studies indicate that freshly emitted BC particles tend to be coated with a thin layer of 
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other aerosol components in the atmosphere through the coagulation and condensation of secondary aerosol 
compounds28. With the aging of the light absorbing carbon particles, most BC particles are thickly coated and 
tend to be compact29,30. Morphology of internally mixed soot aerosols is complex, depending highly on the degree 
of aging, ambient temperature, and relative humidity31. Optical properties of aged soot particles were obviously 
changed for these different morphological and chemical variations32–35.

The radiative properties of soot aerosols in climate models are commonly obtained based on the morpho-
logical simplification of homogenous spheres for freshly emitted states and the single core-shell spheres for aged 
states using Lorenz-Mie-Debye theory36,37. However, large discrepancies have been measured and simulated 
between the aggregates and the equivalent sphere approximations due to their complex morphologies, compo-
nents and multiple scattering38–40.

To quantify the effect of aging states on the radiative forcing of soot aerosols, the numerically exact superposi-
tion T-matrix (STM) method was used to reconstruct the absorption and scattering properties of these heteroge-
neous mixtures composed of fractal aggregated soot particles and non-absorbing aerosol particles with different 
aging states. The advantage of the STM method is that it is a direct computer solver of the frequency-domain 
macroscopic Maxwell equations and is numerically exact41,42. This method is highly efficient and accurate and 
can be used to study the finest details of electromagnetic scattering patterns, which are unattainable with other 
techniques43. The libradtran software package was further used for the radiative transfer calculations of the black 
carbon for different aging states. Libradtran allows to compute (polarized) radiances, irradiances, and actinic 
fluxes in the solar and thermal spectral regions44. It is an effective tool for climate studies, e.g., for the calculation 
of radiative forcing due to different atmospheric components, and remote sensing of clouds, aerosols and trace 
gases in the Earth’s atmosphere45.

Results and Discussion
Black carbon optical properties for different aging states. As soot particles formed and transported 
in the atmosphere, the individual freshly emitted soot particles tend to be coated with other non-absorbing mate-
rials. The aging process of soot aerosols results in a dramatic change in the morphological parameters46–48. Freshly 
emitted soot particles consist of small spherical primary particles combined into branched aggregates, the soot 
monomers are coated by a thin layer of other aerosol components as thinly coated soot particles, and the soot 
particles are entirely embedded into other aerosol components in heavily coated soot particles. Compared with 
freshly emitted soot particles, each monomer of thinly coated soot particles can be assumed as having structures 
of a concentric core containing black carbon particles with high light absorption and a shell containing weakly 
absorbing particles49. In such cases, morphology of soot particle alters to compact closed structures, and the 
morphology of other materials coated on the soot particles is simply assumed as homogeneous spheres. The other 
material coating the soot particles is assumed to be sulfate in this study.

Calculations of the optical properties of soot aerosols are usually performed by computing single-particle 
optical properties based on the physical and chemical properties of the particles, followed by performing an 
ensemble average over morphologies, sizes, and compositions. To quantify and study the impact of aging states 
on the multi-scattering properties of soot aerosols, models of the radiative properties of soot aerosols were sim-
ply assumed to be mixtures composed of two components (soot and sulfate) with fixed volumes. In this study, 
the soot volume fractions (Fsoot) of these aerosols were used to indicate the volume ratios of soot to the entire 
soot-sulfate mixtures. For freshly emitted soot aerosols, the soot volume fractions were assumed to be 1, and 
decreased to 2/3 and 1/3 for thinly and heavily coated states of aerosol ensembles, in this study.

As shown in Fig. 1, during the aging processes of soot aerosols, their optical properties were dramatically 
changed due to the effects of morphology such as the formation of coated shell and compaction of BC particles 
in the shortwave spectral. The cross sections of extinction, absorption and scattering of aged soot aerosols were 
monotonously larger than the freshly emitted soot aerosols with their aging states. For example of 0.67 μ m, it is 
shown from Fig. 1 that the extinction cross sections of heavily coated soot aerosols were twice of the freshly emit-
ted soot aerosols, while the thinly coated soot aerosols were ~20% larger than the fresh states. Absorption cross 

Figure 1. Extinction cross sections (Cext) of soot aerosols with different aging states (freshly emitted, 
thinly coated and heavily coated). 
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sections of thinly coated soot aerosols were slightly (~10%) larger than freshly emitted soot aerosols, and it sig-
nificantly increased to ~60% for the heavily coated states. This absorption enhancement of the ratio of ~160% is 
agreed with previous simulations and observations. It is reported that the ratio of absorption between soot coated 
with large sulfate and fresh soot was ~150–200% in the visible range19,40. Scattering enhancements of aging pro-
cesses were significantly larger than their absorption enhancements. Thus, different mixing states of soot aerosols 
resulted in significant changes in the single scattering albedo. At 0.67 μ m, ratio of SSA between the thinly coated 
and the freshly emitted soot aerosols were ~150%, and it grown to ~250% in the heavily coated states. With the 
aging processes, the soot volume fractions were largely decreased due to the attachments of sulfate particles, thus, 
the single scattering albedos of the soot aerosols were increased.

Black carbon radiative forcing for different aging states. With the aging of soot aerosols, freshly 
emitted soot aerosol are tend to be compact and thickly coated. To investigate and quantify the effects of the 
aging state on the radiative forcing of aerosols mixtures, different solar zenith angles (SZA, 30, 40, 50, 60, and 70 
degree), surface albedos (0, 0.1, 0.2, 0.4, 0.6, and 0.9), and aerosol optical depth at 0.55 μ m (AOD0.55, 0.1, 0.2, 0.3, 
0.5, 0.7, and 1.0) were considered. The radiative forcing of soot aerosols on both BOA and TOA were calculated 
using DISORT radiative transfer model. In these different scenarios, the radiative properties of soot aerosols were 
analyzed.

It can be seen from Fig. 2 that larger solar zenith angles (θ) may introduce larger radiative forcing at BOA and 
smaller radiative forcing at TOA. The solar radiation is proportional to the solar constant and the cosine of the 
solar zenith angle µ θ=( cos )0 , thus, the downward irradiances were smaller for larger solar zenith angles, which 
leads to the decline of magnitude of radiative forcing. For radiative forcing at BOA, it is the difference between the 
net downward irradiances of cloud-free atmospheres with and without aerosols. The radiative forcing at TOA is 
the difference between upward irradiances of cloud-free atmospheres without and with aerosols. The differences 
of radiative forcing between different aging states were decreased by larger solar zenith angles mainly due to the 
decline of solar radiations. Radiative forcing of heavily coated black carbon at BOA were varied from − 112 W/m2 
(negative, 30 degree) to − 89 W/m2 (negative, 70 degree), while those at TOA were 49 W/m2 and 32 W/m2, respec-
tively. The solar zenith angle changes on both diurnal and seasonal time scales, greatly influencing the total solar 
radiation that is available to interact with black carbon aerosols.

After aging processes, black carbon radiative forcing increases at BOA and deceases at TOA. In general, black 
carbon radiative forcing were negative for BOA, and were often positive for TOA. Ramana et al.6 implied that the 
atmospheric ratio of black carbon to sulfate exerted a strong positive influence on the net warming, and showed 
that solar-absorption efficiency was positively correlated with the ratio of black carbon to sulfate6. The simulation 
indicated similar results that smaller ratio of black carbon to sulfate (more aged states) leads to smaller radiative 
forcing at TOA, because the black carbon aerosols with larger single scattering albedo enhance the multiple scat-
tering of surface and aerosol and thus perform larger upward irradiance at TOA. The aging processes of black 
carbon aerosols decreases their radiative forcing at TOA in a monotonous way. For example of solar zenith angle 
equals 50 degree, the black carbon radiative forcing at TOA was ~70 W/m2. After aging, it decreased to ~64 W/
m2 for thinly coated states, and it further reduced to ~48 W/m2 for heavily coated states. It is implied that the 
black carbon aging states should be considered to be an important influence factor on their radiative forcing 
estimations.

The effect of aging states on the radiative forcing of fractal aggregated black carbon aerosols was weakened by 
the augment of solar zenith angles. In this study, we defined the relative deviations of black carbon aerosol radia-
tive forcing after their aging processes 
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effects of aging states on the radiative forcing of fractal aggregated black carbon aerosols. At BOA, relative devia-
tions between thinly coated and freshly emitted soot aerosols were ~− 10% (negative), and these relative devia-
tions varied to be ~− 25% (negative) for heavily coated soot aerosols in the cases of solar zenith angle equals 30 
degree. At TOA, these relative deviations between thinly coated and freshly emitted soot aerosols were ~− 8% 

Figure 2. Black carbon radiative forcing for different aging states (freshly emitted, thinly coated and 
heavily coated) at BOA and TOA for different solar zenith angles (30, 40, 50, 60, and 70 degrees). 
AOD0.55 =  0.3, Albedo =  0.2.
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(negative), and it reached to ~− 40% (negative) for heavily coated soot aerosols. The results showed that these 
relative deviations were slightly decreased (~5–10%) with larger solar zenith angles. The aging of black carbon 
aerosols increases their single scattering albedos, and it accordingly amplified the multiple scattering of surface 
and aerosol. Stronger multiples scattering intensifies the net downward irradiances at BOA and upward irradi-
ances at TOA. Black carbon aging reduces the differences of net downward irradiances at BOA and upward irra-
diances at TOA between the cloud-free atmospheres without aerosols and with freshly emitted black carbon 
aerosols. As results, the augment of solar zenith angle decreases the relative deviations of radiative forcing 
between different aging states.

Figures 3 and 4 showed the black carbon radiative forcing with different aging states and variable Lambertian 
surface albedo (αs) at BOA and TOA, respectively. Black carbon radiative forcing at BOA and TOA were increased 
with higher surface albedo. At BOA, the downward irradiances of the conditions with aerosols are smaller than 
those conditions without aerosols. The augment of surface albedo leads to more upward irradiances at surface 
and tend to reduce the differences of net downward irradiances between the conditions with and without aero-
sols. Therefore, when surface albedo increases, the magnitude of black carbon radiative forcing at BOA decreases 
(smaller negative value). Black carbon radiative forcing at TOA also increases with higher surface albedo because 
more radiations reflected from surface and absorbed again by black carbon aerosols before it reaches to TOA.

The differences of black carbon radiative forcing between different aging states decrease at BOA and increase 
at TOA with higher surface albedo. At BOA, due to multiple scattering of surface and aerosol, higher surface 
albedo slightly increased the diffuse downward irradiances and largely increased the diffuse upward irradiances. 
The aging of black carbon aerosols amplified the multiple scattering of surface and aerosol due to the augment 
of their single scattering albedo. Therefore, the differences of net downward irradiances between different aging 
states were narrowed with higher surface albedo at BOA. Moreover, higher surface albedo leads to larger radiation 
reflected from surface to TOA, and thus the differences of black carbon radiative forcing between different aging 
states were amplified at TOA.

Black carbon radiative forcing increases at BOA and decreases at TOA by their aging for various surface albe-
dos. The aging of black carbon aerosols narrowed the differences of radiative forcing between the conditions with 
and without aerosols, because the augment of single scattering albedo intensified the net downward irradiances at 

Figure 3. Black carbon radiative forcing for different aging states (freshly emitted, thinly coated and 
heavily coated) at BOA for different surface albedo (0, 0.1, 0.2, 0.4, 0.6, and 0.9). AOD0.55 =  0.3, SZA =  50°.

Figure 4. Similar as Fig. 3, but at TOA. 
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BOA and the upward irradiances at TOA. The results illustrate that the relative deviations of black carbon radia-
tive forcing between different aging states were ~− 10% (negative) for thinly coated states, and it varied to ~− 28% 
(negative) for heavily coated states at BOA, in the cases of AOD0.55 =  0.3, SZA =  50°. Among the simulations, the 
largest relative difference can reach ~− 12% (negative) and ~− 35% (negative) for thinly and heavily coated states, 
respectively. At TOA, the relative deviations between thinly coated and freshly emitted soot aerosols were ~− 8% 
(negative), and further aging leads to the amplifications of the relative deviations between heavily coated and 
freshly emitted soot aerosols (more than ~− 30%, negative). These largest relative deviations at TOA can reach to 
~− 20% (negative) and ~− 100% (negative) for thinly and heavily coated states, respectively.

The effect of black carbon aging on their radiative forcing was remarkably influenced by the surface albedo. At 
TOA, the radiative forcing of heavily coated soot aerosols was significantly (~85%) smaller than those of freshly 
emitted soot aerosols when surface albedo equals 0.0. For higher surface albedo, these relative deviations between 
heavily coated and freshly emitted soot aerosols were considerably smaller, for instance, ~25% in the case of sur-
face albedo equals 0.9. Among the simulations, the relative deviations between heavily coated and freshly emitted 
black carbon aerosols were varied from to 80~100% (αs =  0) to 15~30% (αs =  0.9) at TOA, but the corresponding 
relative deviations were slightly (from − 22% to − 27%) enhanced for larger surface albedos at BOA. Higher sur-
face albedo leads to stronger multiple scattering of surface and aerosol, and it slightly increased the diffuse down-
ward irradiances and largely increased the diffuse upward irradiances. Due to larger single scattering albedo, the 
aged black carbon aerosols tend to generate more diffuse downward and upward irradiances than their freshly 
emitted states. The differences of diffuse upward irradiances from BOA to TOA between cloud-free atmospheres 
without aerosols and with freshly emitted black carbon aerosols were reduced by their aging. Therefore, the rel-
ative deviations of black carbon radiative forcing between different aging states remarkably reduces at TOA with 
higher surface albedo. At BOA, with higher surface albedo, the augment of diffuse upward irradiances was much 
more than the diffuse downward irradiances, which leads to more decline of the net downward irradiances by the 
black carbon aging. Therefore, the relative deviations of black carbon radiative forcing between different aging 
states were increased with higher surface albedos at BOA. It is implied that the effect of black carbon aging on 
their radiative forcing was sensitive to the surface albedo, thus, it was necessary to take into account this effect in 
climate studies.

As shown in Figs 5 and 6, the black carbon radiative forcing with different aging states decreases at BOA 
and increases at TOA with larger black carbon aerosol loadings (aerosol optical depth). When the black carbon 
aerosol loading increases, the radiative differences of the atmosphere with and without black carbon aerosols 
enhances by an increase in path lengths or particle concentration or both, and the differences of radiative forcing 
between different aging states were also amplified due to their varied single scattering albedos.

Black carbon aging also leads to larger radiative forcing at BOA and smaller radiative forcing at TOA for 
different aerosol optical depths. It was assumed that the albedo is 0.2 and the solar zenith angle is 50 degree. The 
results showed that the relative deviations of black carbon radiative forcing between thinly coated and freshly 
emitted states were ~− 10% (negative) at BOA, and the relative deviations between heavily coated and freshly 
emitted soot aerosols were amplified to ~− 28% (negative) in the case of AOD0.55 =  0.1. At TOA, the relative devi-
ations between thinly coated and freshly emitted soot aerosols can reach to ~− 10% (negative), and the relative 
deviations between heavily coated and freshly emitted soot aerosols were magnified (up to ~− 39% for the cases 
of AOD0.55 =  0.1, negative).

The effect of aging states on the radiative forcing of black carbon aerosols was weakened by larger black carbon 
aerosol loading. Relative deviations between aged and fresh black carbon aerosols were reduced for higher aero-
sol optical depths at both BOA and TOA. For example of AOD0.55 =  1.0, the black carbon radiative forcing with 
heavily coated states at BOA were ~15% smaller than those of freshly emitted soot aerosols, while these relative 
deviations were ~28% in the cases of AOD0.55 =  0.1. The variations of relative deviations between black carbon 
radiative forcing with different aging states caused by the aerosol optical depth were ~5–10% for thinly coated 

Figure 5. Black carbon radiative forcing for different aging states (freshly emitted, thinly coated and 
heavily coated) at BOA for different aerosol optical depth at 0.55 μm (0.1, 0.2, 0.3, 0.5, 0.7, and 1.0). 
Albedo =  0.2, SZA =  50°.
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states, and ~10–20% for heavily coated sates. The net downward irradiances at BOA and upward irradiances at 
TOA were intensified by black carbon aging because of the amplified multiple scattering of surface and aerosol. 
Higher aerosol optical depth weakens the net downward irradiances at BOA and upward irradiances at TOA, thus 
it reduces the relative deviations of radiative forcing between different aging states.

The single scattering albedo of black carbon aerosols can be considered to be an important influence factor of 
their radiative forcing. During aging processes, the single scattering albedos of black carbon aerosols were largely 
increased by coating more organics materials and sulfate particles. Due to the larger single scattering albedo, the 
multiple scattering of surface and aerosol was amplified by the black carbon aging. With constant surface albedos 
and aerosol loadings, stronger multiples scattering may intensifies the net downward irradiances at surface and 
upward irradiances at TOA. It is implied that black carbon aging tends to reduce the differences of net downward 
irradiances at BOA and upward irradiances at TOA between the cloud-free atmospheres without aerosols and 
with freshly emitted black carbon aerosols. Therefore, black carbon radiative forcing commonly increases at BOA 
and decreases at TOA by their aging.

Previous studies also indicated that the radiative effect of aerosols was affected by the surface albedo, aerosol 
optical depth and single scattering albedo14,50. It is indicated that heavier dust aerosols may more heat the atmos-
phere and their radiative forcing at TOA were increased by larger surface albedo51. It is also shown in the previous 
studies of cloud particles that the radiative forcing becomes more sensitive to cloud microphysical composition, 
as the surface albedo decreases, the sun becomes higher in the sky, and the clouds attenuates52. The effect of 
aging states on black carbon radiative forcing was similarly influenced by these parameters. Relative deviations 
of radiative forcing at TOA between different aging states of black carbon aerosols were decreased with higher 
surface albedo (~50–80%), larger solar zenith angles (~5–10%), and higher aerosol optical depth (~10–20%) in 
these simulations. It is suggested that these important factors should be taken into account in the climate effect 
of black carbon aerosols.

Black carbon radiative forcing with different aging states were also compared to their single spherical approx-
imations, which is commonly used in the climate studies. Freshly emitted soot particles were often simplified to 
be a volume-equivalent homogenous sphere, and the aged soot particles were assumed to be a single core-shell 
sphere model with equivalent soot and sulfate volumes. The relative deviations of black carbon radiative forcing 
between more realistic models of fractal aggregated soot particles and their morphological simplifications in 
percentage 
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found that the averaged radiative forcing of heavily coated soot aerosols were slightly overestimated by the single 
core-shell sphere model (~8% at BOA and ~5% at TOA, positive). However, the averaged radiative forcing of 
thinly coated soot aerosols were underestimated by the single core-shell sphere model (~− 4% at BOA and  
~− 30% at TOA, negative). The morphological simplification of commonly used homogenous sphere may intro-
duce large errors for the radiative forcing estimations of freshly emitted soot aerosols (~− 12% at BOA and  
~− 40% at TOA, negative, on average). The absolute values of these relative deviations between the single homog-
enous sphere approximation and freshly emitted soot aerosols can reach to ~− 100% or even larger in some con-
ditions. Adachi et al.21 suggested that the radiative forcing is ~20% less when modeling internally mixed black 
carbon particles as embedded lacy aggregates than with a single core-shell sphere21. According to the observa-
tions, black carbon particles are thickly coated and tend to be compact with the aging of soot particles29,48. Due to 
the compact morphologies of soot aggregates, the relative deviations of radiative forcing between those aged soot 
aggregates and their single core-shell sphere approximations were limited. However, this morphological simplifi-
cation may introduce large errors for freshly emitted soot aggregates with lacy morphologies. Among the simula-
tions, the spherical approximations considerably underestimated the radiative forcing of freshly emitted and 
thinly coated soot aerosols. However, the radiative forcing of heavily coated soot aerosols were overestimated in a 
limited range. These findings should improve our understanding of the effects of aging states on the radiative 
properties of soot aerosols and their effects on climate.

Figure 6. Similar as Fig. 5, but at TOA. 
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Methods
Black carbon models for different aging states. The construction and morphology of these soot aggre-
gates could be described by the well-known fractal law:
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where Ns is the number of monomers in the cluster, a is the mean radius of the monomers, k0 is the fractal prefac-
tor, Df is the fractal dimension, Rg is the radius of gyration, which represents the deviation of the overall aggregate 
radius in a cluster, and ri is the distance from the ith monomer to the center of the cluster. The aging process of 
black carbon aerosols results in a dramatic change in morphological parameters. This morphological change can 
be described by an increase in the fractal dimension (Df  ). Previous measurements and simulations suggested the 
fractal dimensions of bare and coated BC particles varied from 1.8 to 3.0 with the fractal prefactor of 1.28. Bond 
and Bergstrom53 reported the value of mean radius of BC monomer a in the range of 0.01–0.025 μ m. In this study, 
the monomer number Ns =  200, mean monomer radius a =  0.02 μm, and fractal prefactor k0 =  1.2 are assumed to 
be constant for the soot aggregates. The fractal dimension of soot aggregates were assumed to be 1.8, 2.4, and 3.0 
for freshly emitted, thinly coated and heavily coated soot aerosols, respectively.

In the fresh cases, the soot monomers were semi-externally mixed with each other. This morphology was sim-
plified and assumed to be a single homogeneous sphere with equal volume. Thinly coated soot aggregates com-
posed of soot core (a) and sulfate shell (Rshell). It is assumed that soot volumes fractions were 2/3 in the simulations 
of thinly coated soot aerosols. For the heavily coated cases, the soot aggregates are internally mixed with the sul-
fate spherical particles (Rsul), and their soot volumes fractions were 1/3. The volume-equivalent single core-shell 
sphere approximations were applied for these aged soot aerosols. It is assumed that the core is soot and the shell 
is the sulfate. The spherical approximations were calculated using the widely used Lorenz-Mie-Debye theory. The 
soot refractive index is assumed to be constant (1.95 +  0.79i) for the shortwave spectrum range (0.2–4 μ m), and 
the refractive index of the sulfate particle is assumed to be 1.4453,54. The morphological and chemical parameters 
are shown in the Table 1.

Calculation of black carbon radiative forcing. The superposition T-matrix approach, which uses the 
numerically exact solution methods to Maxwell’s equations, can be used to calculate the T-matrix descriptions 
of the light scattering from the cluster with an appropriate superposition technique and analytically obtain the 
random-orientation cross sections and scattering matrices of these clusters42. In the open-source Fortran-coded 
MSTM version 3.0 program, both external and internal mixtures are applicable, and the only limitation is that the 
spherical surfaces are not overlapped43.

The single scattering albedo (SSA) ω =  Csca/Cext was described for the ratio of the scattering cross section and 
the extinction cross section. The asymmetry parameter (ASY) was defined as:

∫Θ = Θ Θ Θ Θ
π

F dcos 1
2

( )sin cos (3)0
11

which is the measurement for the entire direction of the light scattering. The value was positive if the forward 
scattering was dominant, and the value was negative if the backward scattering was dominant. The phase function 
ΘF ( )11  satisfies the normalization condition with scattering angle Θ:

∫ Θ Θ Θ =
π

F d1
2

( )sin 1 (4)0
11

Our approach for investigating the effect of soot aging process on the radiative forcing of solar radiation was 
to use radiative transfer modeling by the Libradtran package44. The model’s DISORT radiative transfer equa-
tion solver55 was used, and the standard atmospheric profiles for mid-latitude summer was assumed. The air 
density, pressure, water vapor, and ozone was assumed by the default values. The spectral range was assumed 
to be 0.2–4 μm, and the band parameterization REPTRAN56 was used for the spectral calculations of molecular 

Freshly emitted soot Thinly coated soot Heavily coated soot

a (μ m) 0.02 0.02 0.02

Ns 200 200 200

Df 1.8 2.4 3.0

Fsoot 1 2/3 1/3

Rsul (μ m) 0 0 0.1687

Rshell (μ m) 0 0.0229 0

Table 1.  Morphological parameters of black carbon particles with different aging states.
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absorption. The Lambertian surface was assumed constant for all wavelengths. When simulating the irradiances, 
both the bottom of the atmosphere (BOA, or surface) and top of atmosphere (TOA) was taken into account, and 
these calculations were performed using a constant day of year of 100 day.

To calculate the radiative forcing of aerosols, the irradiances of clear-sky conditions without aerosols (Fclear) 
and with aerosols (Faerosol) are first simulated. We assumed that the aerosols were distributed in the homogene-
ous layer of 0–30 km. The altitude of surface (BOA) was considered as 0 km, and the radiative forcing of aerosol 
(RFBOA) can be obtained by the net downward irradiances with aerosols and without aerosols. The altitude of TOA 
was assumed to be 120 km, and the radiative forcing of aerosol (RFTOA) was defined as the subtraction of upward 
irradiance in the clear conditions without aerosols and the aerosol conditions with aerosols.
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The optical properties of aerosols were calculated for 10 wavelengths in the spectral range of 0.2–4 μ m, namely, 
0.2, 0.34, 0.44, 0.55, 0.67, 0.87, 1.02, 1.64, 2.1 and 4 μ m. These wavelengths are commonly used for the remote 
sensing of aerosols. In the remote sensing field, the extinction Ångström exponent (EÅE) for a wavelength inter-
val λ λ[ , ]1 2  is commonly considered as the qualitative indicator of particle size16,57.
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In general, EÅE ≤  1 indicates size distributions dominated by coarse mode aerosols (radii ≥  0.5 μ m) that are 
typically associated with dust and sea salt and EÅE ≥  2 indicates size distributions dominated by fine mode aero-
sols that are usually associated with urban pollution and biomass burning58. In these simulations, according to the 
aerosols optical depth (AOD0.55) at λ2 =  0.55 μm, the AOD of different wavelengths (λ1) can be calculated 
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