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Black carbon (BC) aerosols, with their strong light-absorbing ability, are major
drivers of the global climate. In existing models, BC aerosols are simplified as a
single core when determining radiative effects. Here, we found that 21% of BC
aerosols contain multiple cores during a wildfire smoke observation. By con-
sidering dynamic effective medium approximation (DEMA) with Mie theory
and assuming randomly distributed multi-core BC, the light absorption was

1.81 times greater than that under the single—core assumption for particles
with overall diameters >400 nm and core diameters >200 nm. A machine
learning emulator was developed for DEMA-based absorption enhancements
and incorporated into a global atmospheric model. For global aerosol
absorption, multi-core BC particles lead to a 19% increase, especially in
wildfire-affected regions. This study emphasizes the critical role of multi-core
BC particles in amplifying radiative forcing and the necessity to revise models
for the simulation of BC climate impact.

Black carbon (BC) plays a uniquely critical role in shaping the Earth’s
climate system through its radiative absorption ability and aerosol-
cloud interactions, which allow it to contribute to slow winds', sup-
press the planetary boundary layer?, alter snow and ice melting
conditions®, and generate other regional climate and weather
changes*°. Between 25 and 36% of global BC emissions originates from
wildfires®’, with the remainder originating primarily from energy-
related combustion processes, such as those associated with residen-
tial solid fuels and fossil fuels®®. The intensity and duration of wildfires
are increasing globally due to the higher temperatures, drier vegeta-
tion, and longer dry seasons resulting from climate change®’. When BC

aerosols are coated by other nonabsorbing substances, the resulting
lensing effect can significantly amplify their degree of light absorption,
as quantified by the absorption enhancement factor, E,,s°". The
Core-Shell Mie model, which is widely employed in atmospheric
models (e.g., the Weather Research and Forecasting model coupled
with Chemistry) can be used to obtain the light absorption enhance-
ment (E,ps cs) Value of BC. In the Core-Shell Mie model, it is assumed
that there is one central BC core per particle (ncore =1)**", and the BC
mixing state is represented via the BC core diameter (D) and the
particle-to-core diameter ratio (Dp/D.). The total BC absorption level is
represented by the black carbon absorption aerosol optical depth (BC
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AAOD; Methods), which depends on both E,,s and the BC mass in the
atmospheric column'®®, On the basis of the third phase of the Aerosol
Comparisons between Observations and Models intercomparison
initiative (AeroCom), BC AAOD accounts for 36%-84% of the global
annual mean of total absorption aerosol optical depth (AAOD) at the
550-nm wavelength, indicating that BC yields a relatively notable
warming effect’*®, However, AeroCom and other global observations
indicated that global models frequently underestimate BC AAOD, and
a scaling factor of 1.4-2.8 is needed to ensure alignment with global
observational data for subsequent radiation assessment®’ ™. A quan-
titative review of the BC AAOD is provided in Supplementary Text 1.
Some model studies attributed this upscaling factor to uncertainties in
emission inventories and BC mass loads; moreover, these researchers
focused on constraining the representation of the mixing state of BCin
global atmospheric models®'*".

Significant uncertainties exist in the mixing state and £,,s of BC in
observations and simulations™”. Fierce et al*® proposed that
accounting for particle-to-particle heterogeneity in the mixing state
and the complex morphology of BC-containing particles may resolve
these uncertainties. Moreover, Liu et al.'° and Fierce et al.*° reported
that the Core-Shell Mie model might oversimplify the nonspherical
morphology of BC particles, leading to potential overestimation of the
degree of light absorption at low D,/D. values (<-1.4). Chen et al.*
further proposed that nonsphericity contributes only marginally
(3.3%) to the global BC AAOD. In field studies, researchers reported
Eabs cs values varying between 1 and -1.5; these studies relied solely on
single particle soot photometers (SP2) and obtained E,ps cs values via
the Core-Shell Mie model***. Direct optical measurements conducted
with a photoacoustic spectrometer, a particle soot absorption pho-
tometer, and other technologies were employed to determine the
average F,p values, which ranges from 1 to ~2.5* (refer to Supple-
mentary Table 1 for details). It is well known that SP2 measurements
and laboratory experiments typically exhibit an upper size limit of
D, <-400nm, with the detailed range depending on the SP2
configuration®?°. However, field studies roughly estimated that the
contribution of BC-containing particles with D, >400 nm to the bulk
BC mass and light absorption level could reach 50%, especially during
polluted periods””*®. Detailed comparisons of D, and D, across model,
field, and laboratory studies are summarized in Supplementary Text 2
and Supplementary Table 2. These findings highlight a gap in the
understanding of how the mixing state of large particles (D, > 400 nm)
affects Eyps.

Our study is further inspired by considering the maximum E,pg
value of -4, which was reported in certain experiments and field
studies®** and is consistent with the simulations of Fuller, et al.>.
Importantly, the simulations by Fuller, et al.*® were based on the
Dynamic Effective Medium Approximation (DEMA) with Mie theory
under the assumption that multiple BC cores (ncore > 1) are randomly
distributed within particles**>°, However, the impacts on E,,s and BC
AAOD have been neglected because of a lack of direct evidence for
Neore>1 in DEMA for ambient BC particles. Transmission electron
microscopy (TEM) enables detailed analysis of individual particles, and
this technique effectively captures the mixing structure of BC-
containing particles™*. Multi-core BC particles have occasionally
been reported in previous studies on the basis of TEM (refer to Sup-
plementary Table 3 for details), but their roles in driving radiative
forcing and their connection to DEMA remain underexplored. One
recent study confirmed that coagulation leads to the occurrence of
multi-core BC particles with D,>400nm during long-range
transport®. Some field studies have proposed that coagulation dur-
ing the long-range transport of wildfire smoke drives the increase in
the D,, value of BC-containing particles*~*. Satellite observations show
that wildfire smoke produces a dense haze layer at 2000-4000 m
above sea level (a.s.l) from Southeast Asia to Yunnan Province,
China**, Therefore, these wildfire events provide unique real-world

laboratory setting for understanding BC light absorption and the
changes in mixing states during transport, particularly for multi-core
BC aerosols.

To characterize the evolution of mixing states for transported BC,
we conducted a field campaign at the Yunya Atmospheric Environment
Research Observatory (YAREO) during the wildfire-affected periods.
The station is located atop a mountain in Yunnan Province at 2200 m
a.s.l. (Fig. 1). We quantified the impact of n..re on the size dependence
of E,s and the subsequent influence on BC AAOD with machine
learning algorithms in a global atmospheric model. This study pro-
vides the insight into addressing the missing absorption enhancement
resulting from multi-core BC aerosols in global atmospheric models.

Results and Discussion

Characteristics of aerosol particles

Highly polluted periods are defined as when the total mass of ele-
mental carbon, organic matter, dust, and water-soluble inorganic ions
exceeds 15pug m™ at the sample station (Supplementary Fig. 1). We
found that mass concentrations of these aerosol chemical components
during highly polluted periods were approximately 3 times higher than
them during less polluted periods (e.g., elemental carbon in Supple-
mentary Table 4). In Supplementary Fig. 2a, BC concentrations
increased from 0.15 to 4.4 pg m= over the sampling period, driving BC
AAOD to increase from 0.003 to 0.062 based on Modern-Era Retro-
spective analysis for Research and Applications version 2 (MERRA2).
Additionally, Supplementary Fig. 2b-d show that regional BC con-
centration and BC AAOD during highly polluted periods were about
three times higher than them during less polluted periods, while PM;o
concentration at the downstream national monitoring station became
double during highly polluted periods. Satellite data and air mass
trajectories both indicated that south-westerly air masses passed over
areas with intense fire activity in Southeast Asia during highly polluted
periods, leading to regional pollution events at the downwind sam-
pling site (Fig. 1a). In contrast, western trajectories from South Asia
rarely passed over fire-affected regions during less polluted periods
(Supplementary Fig. 3). These results suggested that the highly pol-
luted periods were influenced mainly by the long-range transport of
wildfire smoke from Southeast Asia, providing ideal real-world condi-
tions for understanding BC ageing mechanisms during long-range
transport.

In TEM images, BC particles appeared as fractal-like aggregates of
soot, and they were either externally mixed as bare-like BC aerosols
(Fig. 1b1) or BC aerosols coated with secondary aerosols (Fig. 1(b2-b3))
after undergoing ageing processes, such as condensation, coagulation,
and cloud processing'*. Among the 3950 analysed particles, 47% were
BC-containing particles, comprising 33% coated BC particles and 14%
bare-like BC particles (Fig. 1c), whereas the remainder were BC-free
particles (Supplementary Fig. 4). In summary, multi-core BC particles
accounted for 21% of the BC-containing particles, 14% during the less
polluted periods and 25% during the highly polluted periods (Fig. 1c).
The detailed individual-particle analysis can be found in the Methods
section and Supplementary Text 3.

During highly polluted periods, wildfire smoke after long-range
transport could enhance the formation of multi-core BC particles
(Fig. 1a vs. Supplementary Fig. 3). However, few studies reported the
size-dependent characteristics of multi—-core BC particles. Instead,
some studies considered the two-dimensional data characteristics
of Dp/D. and D, and the size distribution of D. to approximately
assess the mixing states of BC aerosols in biomass burning smoke
and wildfire smoke****, To obtain the equivalent volume dia-
meters of individual BC-containing particles and their BC cores (i.e.,
Dy, and D, respectively), we calibrated the equivalent circle dia-
meters obtained from TEM images to the equivalent volume dia-
meters via a regression relationship from atomic force microscopy
measurements (refer to the Methods). For multi-core BC particles,
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Fig. 1| Individual particle analysis at Yunya mountain station in Yunnan pro-
vince of China. a 72-h backward trajectories arriving at 2000 m above ground level
during the sampling periods (March 18-29, 2023), including highly polluted (HP)
and less polluted (LP) periods. b1-b3 Transmission electron microscopy (TEM)
images of particles containing different number of black carbon (BC) cores (f¢ore)-

c Relative abundance of different particle types and the proportion of multi-core
BC particles (MC, ncor > 1) to all BC-containing particles. “Total”, “HP”, and “LP”
represent the summary results during the whole periods, highly polluted periods,
and less polluted periods, respectively.

D, represents the diameter of a single sphere whose volume is
equivalent to the sum of all BC core volumes. Figure 2a and Table 1
both show that multi-core BC particles became the dominant par-
ticle type at D.>200 nm.

Figure 2b shows that the average D,/D. ratio first decreased with
increasing D., and then remained relatively constant for particles
with D.>200 nm. This relationship was well fitted by the following
equation: D,/D.=2.5+6.3xExp(-D/63) (purple line in Fig. 2b). The
fitting results revealed that the average D,/D. ratio remained steady
at 2.5, mainly for D, > 400 nm (blue and green dots in Fig. 2b). Similar
plateau values of D,/D. were reported for Southeast Tibetan Plateau
(-2.2)*® and during a transboundary transport event in Beijing
(-2.4)*. If condensation dominated the BC aging mechanism
(ncore =1), particles with smaller D values would exhibit higher D,/D.
values when coated with the same volume of condensate aerosols®.
Specifically, Dp/D. was expected to approach -1 with increasing D,
value. The blue line shown in Fig. 2b represents the maximum Dp/D,

value under the condensation mechanism described by Chen et al.*®
and Sedlacek et al.”. Figure 2b shows that particles with D, >400 nm
(blue and green dots) were above the blue line. Below this blue line,
condensation dominated the BC ageing process, maintaining the
Neore Value at 1 (Fig. 2¢). Above the blue line, coagulation dominated
the ageing process, resulting in an increase in the n.o value (i.e.,
Neore > 1) (Fig. 2c).

Box models developed by Matsui et al.*® and Riemer et al.*’
revealed that thickly coated BC particles were dominated by coagu-
lation rather than by condensation. They concluded that the number
of coagulation events increased with increasing D, and peaked at
D, >~400 nm*’. Several field studies proposed that coagulation could
account for most of the increase in particle size (D,) in wildfire
smoke®**%, Theoretically, coagulation between two BC-containing
particles could increase n.oe and produce a larger D, value*. In this
study, multi-core BC particles were observed in the TEM images
(Fig. 1b3), thus providing direct evidence of coagulation among
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Fig. 2 | Quantifying the size-dependence characteristics of black carbon (BC)
mixing state. a Different colours represent the number of BC cores (1) in €each
particle, and the histogram is the number distribution of particles with different BC
core size (D). D. is the cumulative equivalent volume diameter of all BC cores in a
particle. b Two-dimension distribution of particle-to-core diameter ratio (Dy/D.)
and D based on the transmission electron microscopy. The smooth line is used for

Number of BC cores

all coated BC particles (black) and their fitting curve (purple). The Boundaryonq line
means the max Dp/D. versus D, via the condensation processing, and beyond

Boundaryong line, changes in Dp/D, are predominantly influenced by coagulation.
The Boundary.ong line is well described in Chen et al.*® and Sedlacek et al.”. ¢ The
range of nqre in different size bins based on the diameter of the whole particle (Dp,).

Table 1| Comparison of particles containing the different
number of black carbon cores (n¢oe)

Particle number fraction ® Type based on n¢gre

Neore =1 Neore > 1 Sum
Type basedon M 0 62% 15% 100%
different proxy D, >200nm 1 7% 16%
features
M. 0 39% 4% 100%
Yo > 4100 i 1 30% 27%
MxM,° 0 64% 16% 100%
1 5% 15%

@ For a total of 1310 coated black carbon (BC) particles;

® M, represents whether the cumulative equivalent volume diameter of all BC cores in a particle
(D) is larger than 200 nm. If so, the value is 1; otherwise, it is 0. M, represents whether the
diameter of the whole particle (Dp) is larger than 400 nm. If so, the value is 1; otherwise, it is O.
Only when M, and M, meet both conditions is MxM,=1.

BC-containing particles. Figure 2c shows that the range of ncore
increased with increasing Dp: for example, ncqr. ranged from1 to 5 for
D, between 400 and 600 nm, and from 1 to 8 for D, >800 nm. We
observed a critical condition near D, >400 nm and when ncore transi-
tioned from 1 to > 1 (Fig. 2¢). This phenomenon was also observed in
the Southeast Tibetan Plateau® and Amakusa City, Japan*®. Table 1
indicates that multi-core BC particles became the dominant type of
coated BC particles for D, >400nm and D.>200nm. To facilitate
parameterization, we defined two proxy features (M; and M,), as
expressed in Eq. (1), to represent the primary size characteristics of
multi-core BC particles and their subsequent impact on E,ps. In 1310
coated-BC particles, 20% simultaneously satisfied My =1and M, =1(i.e.,
M;xM, =1), in which the number of multi-core BC particles was three

times greater than that of single-core BC particles (Table 1).

0 D,<200 0 D,<400
M1={1 D.>200 27\ 1 D,>400 @
c p

Optical absorption enhancement
In this study, we employed an electron-microscopy-to-BC simulation
tool, coupled with discrete dipole approximation (EMBS-DDA)* to
visualize the effect of n.e on E,,s of BC-containing particles. The
EMBS tool provides an interactive interface for designs of particles
with different sizes and positions of cores that are input into the DDA
module to calculate their optical properties®”. To explain the differ-
ences between single-core and multi-core BC particles, we further
adopted the near-field calculation algorithm of DDA**~' to simulate the
light electric field intensity inside and around scattering particles (i.e.,
secondary aerosols) and coated BC particles, respectively.

BC-containing particles were assigned different ngq values and
positions in the EMBS-DDA simulations, whereas D,/D. was set to the
average value (i.e., Dp/D. =3 in Supplementary Fig. 5) to represent the
common scenario for D, >400 nm. Under the assumption that BC
cores were randomly located in an individual particle, the probability
of core occurrence obviously increased from the centre to off-centre
positions. Specifically, BC aerosols with a single core or multiple cores
at the particle centre represented idealized and specialized scenarios,
respectively. Innumerable possible core locations would increase the
DDA simulation burden of every configuration excessively, even with
fixed input parameters of D, D, and ncore. Herein, we simulated three
representative scenarios using DDA:

DDA;: Setting n.o =1 with the core at the centre. The simulated
E,ps value was almost equal to that of the Core-Shell Mie model, as
shown in Fig. 3a-b.
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black carbon (BC) containing particles. a Simulation results of different methods
for different diameters of BC cores (D.). D, is the cumulative equivalent volume
diameter of all BC cores in a particle. Input parameters and simulation outputs are
detailed in Supplementary Tables 5 and 6. b Schematic diagrams illustrate typical
mixing states for different discrete dipole approximation simulations (DDA;, DDA,,
and DDA;), each with distinct core configurations. c1-c6 Near-field calculations
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were employed to determine the electric field intensity at 550 nm for secondary
aerosol particles (c1) and various DDA scenarios (DDA;: ¢2, DDA,: ¢3-4, DDA;3: ¢5-6),
with the diameter of the whole particle (D,) at 600 nm. Supplementary Fig. 9 also
provides simulation results for D, =300 nm. White lines represent the border of
particles, and black line marks the location of the BC cores. The colour represents
the normalized electric field intensity versus the incident light (dimensionless).

DDA,: Setting n..r >1 with multiple cores concentrated near the
centre, as shown in Fig. 3b.

DDA;: Setting n.or > 1 with cores distributed at various off-centre
positions, as shown in Fig. 3b. The detailed settings are provided in
Supplementary Text 4, Supplementary Tables 5-6, and Supplementary
Fig. 6. In addition, we calculated E,,s via the Core-Shell Mie and
DEMA-Mie models on the basis of the same input parameters (Dp, D,
and ngere) used in DDA. Each core is the same size in the particles in
DDA;-DDA;, and Supplementary Fig. 7 shows the simulations with
different sizes of BC cores (Diff. Size). In Supplementary Fig. 7, Diff.
Size shows a similar range of E,,s with DDA;-DDA;, which supports the
assumption in Jacobson®* it is ideal to track a size distribution of BC
within coated BC particles of each size, but a monodisperse distribu-
tion of BC within coated particles was used for quick optical
simulations.

We found that the E,ps values for ncqre =1 were 12-222% lower than
those for ncore>1, particularly in DDA; scenarios (Supplementary
Table 6). Figure 3a shows that the DEMA-Mie could represent the
average increasing trend in DDA;. Notably, the DEMA-Mie model

accounted for scenarios with n.qe =1 in which the cores were ran-
domly distributed, but their exact locations were not specified in DDA.
We compared the E,ps ranges (from minimum to maximum) obtained
via the DEMA-Mie and DDA; simulations. Figure 3b shows that the E,
range from the DDA; simulations agreed well with that from the
DEMA-Mie model. The results further confirmed that DEMA-Mie was
efficient for simulating the average impact of noe at random positions
on Egyp.

Supplementary Fig. 8 shows that the light electric field intensity
was enhanced (lensing effect) in the off-centre region of a secondary
scattering particle, which is consistent with the experiment findings of
Arroyo, et al.*° and Li, et al.*’. The intensity of the enhanced field, as
indicated by colour, was particularly high for D,>400 nm (Supple-
mentary Fig. 8). We further modelled the electric field intensity for
coated BC particles with various nqe values, as shown in Fig. 3(c1-c6)
for D,=600nm and Supplementary Fig. 9 for Dy=300nm.
Figure 3(c1-c6) show the enhanced presence of white and orange areas
in the regions marked by black circles, suggesting that DDA, and DDA;
exhibited higher E,,s values than did the DDA; simulations. In

Nature Communications | (2025)16:10187


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65079-2

(a) (b)5
g Fitting for M;xM, =0 D, D, = 50.nm
— Eqbs pewa = 1.2-1.3In(D,/D,), R? = 0.892
[ 95% Prediction band 4l
6- D D.=100nm
g M, xM,=1 o c .
w ) %
=} 54 o 3. o>
Q =2
% LLIN M xM,= 0 &% '
w R T,
- L s
24 D,=400 nm gz oGt - '
= AR} O M1xM2=1
D.=200 nm
1 T
1 2 4 6 8 10
D./D
(d) Pe
DEMA 25%~75% | Eabs_cs “ABrtene- High
T 10%~90% D,/D, A o
x1.17 = Mean . NV °
Core-Shell 1 . vy e =
M, xM,= 0 c @ g
e S g
DEMA - Neore.cal 1 e e+« 2
M, - - &
x1.81 M. >
re-Shell | = 2
Core-She MoM=1] ] _ Low
1 2 3 4 5 6 7 -0.5 0.0 0.5 1.0 1.5
SHAP value (impact on E ¢ peya)
(e) (9) (h) (i)
o 0.4 15 , 0.6 .
S 0.2 s’ : | . 0.4 I
g : 0.0 1.0 | : Lo
i, . * 1
o 0.1 ﬂ/ﬂ/ 8.2 ! 021 &
T 0.0- -0.4 / ' 0.01. '
w 00 l-T+T.I T .I T T T r : T T _05 r : T _0-2 N T . T
2468 2468 1 2 4 100 1000 100 1000
Neore Eabs_CS Dp Dc
M,xM, = 0 MxM, = 1

Fig. 4 | Random Forest Model Emulation of Light Absorption Enhancement

(Eaps) at 550 nm. M;xM, =1 represents the particles with the diameter of black

carbon (BC) cores (D) larger than 200 nm and the diameter of the whole particle
(Dp) larger than 400 nm. D is the cumulative equivalent volume diameter of all BC
cores in a particle. a Fitting of Eaps pema for particles with MyxM, = 0 (blue points)
using the dynamic effective medium approximation with Mie model (DEMA-Mie).
b Lines showing the increase in E,ps as the particle-to-core diameter ratio (Dp/D.)

increases across various D, values under the Core-Shell Mie model (Exps cs)-

¢ Comparison analysis of differences between E,ps pema and Eqps cs for MixM, =0
and 1, respectively. d Impacts on E,ps pema shown as different SHAP values for each
input feature via SHapley Additive ExPlanation (SHAP) approach. Further details on
SHAP are in the Methods section. e-i Impacts of primary input features on E,ps pema
quantified by the SHAP values.

Supplementary Fig. 9, a smaller colour gradient indicates a weaker
lensing effect for D, =300 nm, but the difference in E,ps between Core-
Shell structure and multi-core structure is still up to 1 (DDA, vs. DDA3).
Kahnert et al.** also proposed that the energy field rapidly attenuated
within a solid BC sphere, which limits the contribution of the core mass
near the particle centre to light absorption. Moreover, Beeler and
Chakrabarty> defined a phase shift parameter to describe a simulation
like Fig. 3c2. However, in these previous simulations, multi-core BC
particles were not employed as input parameters.

Eabs pema exhibited a quasilinear increase with the logarithm of D,/
D, under M;xM,=0 for all 1310 coated BC particles (black line in
Fig. 4a). Notably, the particles with M;xM,=1 (red dots in Fig. 4a)
exhibited higher E,ps pema values than did those with M;xM, =0 (blue
dots) for the same Dp/D. value. In contrast, the Core-Shell Mie model
showed that E,s cs first increased with increasing D,/D. and then

plateaued at -2 for M;xM,=1 (red dots in Fig. 4b). The differences
between E,ps pema and Eyps cs indicated that E,ps pema Was 117 and 1.81
times greater than E,ps cs for MixM, =0 and 1, respectively (Fig. 4c).

In summary, these findings suggested that the Core-Shell Mie
model could significantly underestimate the light absorption of BC-
containing particles when M;xM, = 1. However, the DEMA-Mie model
could be a suitable and efficient tool for simulating the optical prop-
erties of multi-core BC particles. Therefore, the developed DEMA-Mie
model provides a more favourable balance between computational
efficiency and physical representation than the DDA and Core-Shell
Mie models.

Machine learning emulator
In previous global simulations, the developers of DEMA®****” used a
noninteger Ncoreca Value (i.e., D:/1,000,000) to approximate ncore.
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However, Wang, et al.*® proposed that a noninteger ncore ca value was
implausible because observational evidence for multi-core BC parti-
cles was lacking. Therefore, it was necessary to parameterize the
impact of neqre 0N Eps 0N the basis of the real-world size dependence
of Ncore. We employed a random forest (RF) model to predict Eaps pema
and quantify how E,ps pema changed with the mixing state of coated
BC. On the basis of 1310 samples (coated BC particles), we developed
two RF emulators (RF1 and RF2) for E.ps pema, With input features
including D,/Dc, D¢, Dy, Eaps s, Ncores Ncore,cal» M1, Mo, and MyxM,. RF1
included all the input features, whereas RF2 excluded ncqre, Which was
generally unavailable in global models. SHapley Additive ExPlanation
(SHAP) values, rooted in coalitional game theory”, were employed to
distribute the total effect of each input feature on the predicted
Eabs pema for individual particles (refer to the Methods). By comparing
the prediction performance levels and SHAP values of RF1 and RF2, we
determined whether M;xM, could serve as a proxy for the impact of
Ncore ON Eqps pEMA-

RF1 performed well for both the training and test datasets,
achieving an R? value of 0.96 (Supplementary Fig. 10 and Supple-
mentary Table 7). Figure 4d shows that D,/Dc, D, D, and Eqps cs Were
the primary driving features due to their broad SHAP value distribu-
tions. Notably, the SHAP distributions for n.... and M;xM, exhibiteda T
shape, indicating that there was a threshold effect on Eups pema
(Fig. 4d). To enhance the interpretability of the RF predictions, we
visualized the SHAP values corresponding to each feature value.
Figure 4(e-i) show the driving patterns of these primary features on
Eabs pEma. Each point represents an individual particle, and its colour is
indicative of its M;xM, value to illustrate how M;xM, influences the
driving patterns of these features (Fig. 4e-i). Figure 4e shows that e
was positively correlated with its SHAP values only when MxM,=1;
otherwise, the SHAP values were approximately 0. These results sug-
gested that the impact of ncore ON Ezbs pema Was the most significant for
particles with M;xM,=1. Figure 4f shows a positive correlation
between D,/D. and its SHAP value, with a steeper trend for particles
with My x M, =1 (red) that that of particles with M;xM, =0 (blue). This
result indicated a greater increase in Eaps pema With increasing Dp/D. for
MxM,=1. Figure 4g shows that E,,s cs positively correlated with its
SHAP value overall, except for particles within the grey-shaded region
where Eaps cs = 2. For these particles, the SHAP value was close to zero
when M;xM, =1 (red in Fig. 4g), suggesting that E,ps cs had predictive
utility for Exps pema for MixM, = 0 but not for MyxM, = 1. The increasing
Dy, value led to a greater increase in Eyps ppma With MyxM, =1 (Fig. 4h),
whereas the transition of M;xM, from O to 1 altered the correlation of
D, with its SHAP value from negative to positive (Fig. 4i). These findings
suggested that D, and D. exerted a nonlinear driving effect on
Eabs pEma and that BC cores with M;xM, =1 exhibited more notable
interactions with light. Similar patterns were observed when ncye
(Supplementary Fig. 11) was used to explain the driving patterns in RF1
compared with when M;xM, was used, as shown in Fig. 4(f-i). We
concluded that M;xM, could serve as a proxy for the impact of ncore ON
Eabs DEMA-

To assess the predictive performance of E,ps ppma Without ngere as
an input feature, we performed additional tests to construct RF2. In
RF2, the input features included Dp/Dc, D, Dy, Eqps s, Neore,cals Mi, Mo,
and M;xM,. RF2 performed comparably to RF1, achieving an R? value of
0.95 (vs. 0.96 for RF1) and a root mean square error (RMSE) of 0.14 (vs.
0.17 for RF1) (Supplementary Table 7). The SHAP value distributions
remained consistent between RF1 and RF2 (Supplementary Fig. 12 vs.
Figure 4), further confirming that M;xM, could effectively replace ncore
for predicting Eaps pema in machine learning models.

Implications for the atmospheric model

Multi—core BC particles are not exclusive to wildfire smoke events but
are instead widely observed in other environments, as listed in 11
additional studies in Supplementary Table 3. However, these studies
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Fig. 5| Global impact of multi-core black carbon (BC) particles on black carbon
absorption aerosol optical depth (BC AAOD). a A conceptual scheme of wildfire
smoke in transport. b Global distribution of annually average differences in BC
AAOD using Core-Shell (CS) model and dynamic effective medium approximation
(DEMA) with Mie theory (DEMA-Mie) respectively. Blue lines mark the area where
the number concentration reaches 10" m? for BC-containing particles with the
diameter (Dp) larger than 400 nm and the diameter of BC cores (D) larger than
200 nm (i.e., M;xM, =1) in the atmospheric column. Green point is the sample
station.

did not focus on multi-core particles or their optical properties. To
evaluate the global impact of multi-core BC particles on the bulk
optical properties of dry aerosols, we coupled the Community Atmo-
sphere Model with the Aerosol Two-dimensional bin module for foR-
mation and Aging Simulation (CAM-ATRAS, a global model) and the
RF2 model offline (refer to the Methods and Supplementary Fig. 13).
CAM-ATRAS model showed that wildfire sources dominated BC
sources in regions such as South Africa and South America (Supple-
mentary Figs. 14a-c). The long-range transport of wildfire emissions
from Southeast Asia to southern China frequently increased the BC
loadings in March (Supplementary Figs. 14d-e). The global distribution
of particles with M;xM,=1 overlapped with wildfire hotspots (Sup-
plementary Figs. 15a-e) and regions of intensive anthropogenic emis-
sions (Supplementary Figs. 15f-g). In these areas and downstream
regions, such as oceans and the Tibetan Plateau, particles with
MyxM, =1 accounted for ~2% of the total number and ~-30% of the mass
of BC in the atmospheric column (Fig. 5a and Supplementary
Figs. 16-17). Figure 5b shows that the global average BC AAOD was
2.04 x 107 under the Core-Shell Mie model but increased to 2.42 x 107
under the DEMA-Mie model. These large differences occurred mainly
in high-emission regions such as China, India, and South Africa, where
the elevated BC AAOD was driven by the number concentrations
(Nmixmo=1) Of particles with MxM,=1 in the atmospheric column
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(Supplementary Fig. 18 and the blue contours in Fig. 5b). Furthermore,
the relative difference in the BC AAOD was 19% globally. Hot
spots (>19%, red colour in Supplementary Fig. 19) were located
downstream of high-emission regions, due to the higher fraction of
particles with M; x M,=1 (Supplementary Figs. 16-17), which high-
lighted the role of transported aerosols in determining the BC AAOD.

We highlighted the enhanced light absorption due to multi-core
BC particles and acknowledged the potential overestimation of E,pg
simulations due to the nonsphericity of BC particles at low Dp/D.
values'®?. In their experiment, Liu et al.'® measured a value of E,s near
1 for Dp/D. <14, whereas the calculated E,ps cs value increased with
increasing Dp/D.. Our study could address the gap in that of Liu et al.”®,
where E,,s and the mixing state were clearly marked as unknown for
Dy/D. >3 owing to the upper measurement limit of the SP2 instrument
(i.e., Dp < ~400 nm). We conducted a sensitivity analysis by setting Eqps
at 1 for D,/D.<14 and using RF2 in CAM-ATRAS to compare the
relative importance due to nonsphericity and multi-core nature of BC
particles. We defined a ratio between the DEMA-derived increase and
the nonsphericity-derived decrease in the global BC AAOD (refer to the
Methods). According to Supplementary Fig. 20, this ratio could
increase by up to fourfold across the downstream areas of high-
emission regions, particularly in wildfire areas such as Southeast Asia
and the sample station of this study.

We evaluated the impacts of multi-core BC particles in dry aerosol
particles by using a real-world n.o. value rather than the assumed
Ncorecal Value, integrating microscale individual-particle analysis with
optical simulations and global models. BC-containing particles could
be activated into cloud condensation nuclei when the humidity
increases™*°, Via a rough estimation that involved replacing nc. with
Neore,cal fOr individual cloud droplets, Jacobson®~* reported that the
DEMA-Mie model could yield a greater near-surface temperature
increase (+33%), greater heating rate (+130%), and a larger number of
interstitial aerosol particles (+140%), compared to the Core-Shell Mie
model. However, accurately parameterizing the changes in ncore dur-
ing aerosol-cloud interactions remains a significant challenge, parti-
cularly during long-range transport and cloud processes. Therefore,
we propose that future global and regional models should incorporate
multi-core BC scenarios, potentially for particles with D, >400 nm
and D, >200 nm, to increase the accuracies of BC light absorption and
radiative forcing predictions. Our study highlights the missing
absorption enhancement of multi-core BC aerosols in ambient air,
which helps improve the atmospheric modelling of these aerosols and
their potential climatic impacts.

Methods

Aerosol collection and measurement

Aerosol samples were collected from 18 to 29 March 2023 at the Yunya
Atmospheric Environment Research Observatory station of the Chi-
nese Academy of Science in Woyun Mountain, west of Kunming,
Yunnan Province (25.16 N, 102.4 E, 2200 m a.s.l. in Fig. 1a). A KB-120F
sampler with a flow rate of 100 L min™ was used to collect PM;o sam-
ples (particulate matter with an aerodynamic diameter <10 um) on 90-
mm-diameter quartz filters for 11.5h (09:30-21:00 for the daytime;
21:30-09:00 for the nighttime in Beijing time). The chemical compo-
sition of PM;o was analysed (refer to Supplementary Text 5 for more
details). Hourly PM;o data were downloaded from the China National
Environmental Monitoring Centre (https://air.cnemc.cn: 18007/).
MERRA2 provided the hourly mass concentrations of BC and the BC
AAOD at 550 nm during the sampling periods (https://gmao.gsfc.nasa.
gov/reanalysis/MERRA-2/).

Individual particle collection and morphological analysis
A portable DKL-2 sampler (Genstar Electronic Technology, China)
equipped with a 0.5-mm jet nozzle was employed to collect individual

aerosol particles. The particles were collected on a copper grid coated
with a carbon film (carbon Type-B, 300-mesh copper; Tianld Co.,
China) and silicon wafers. These samples were collected at 3:00, 9:00,
15:00, and 21:00 Beijing time for 15-40 min and stored in plastic cap-
sules under low relative humidity (RH =20-25%). Twelve samples were
selected, and a total of 3950 particles were analysed via TEM (JEOL JEM-
2100, Japan) in combination with energy-dispersive X-ray spectro-
scopy (EDS; INCA X-Max" 80 T, Oxford Instruments, United Kingdom).
The strong electron beam of TEM could easily damage the coating of
the coated BC particles®. Therefore, we determined the morphology
and number of BC cores in an individual particle with this technique, as
shown in Supplementary Fig. 21.

RADIUS software (EMSIS GmbH, Germany) was adopted to mea-
sure the morphological features of individual particles in the TEM
images, e.g., the equivalent circle diameter (ECD) and bearing area (A4).
Additionally, individual particles on silicon wafers were measured via
atomic force microscopy (AFM). Gwyddion 2.64 software (http://
gwyddion.net/) was used to automatically obtain the bearing area (A4)
and bearing volume (V) of 165 individual particles. The ECD and
equivalent volume diameter (EVD) of individual particles were calcu-
lated according to the following Egs. (2-3)*:

A= %H(ECD)Z )

V= % m(EVD)? 3)

where A is the bearing area, nm?; Vis the bearing volume, nm?; ECD and
EVD are the equivalent circle diameter and the equivalent volume
diameter, nm, respectively.

A bootstrap linear regression analysis was used to obtain the
transform ratio between the ECD and EVD. Through bootstrap analysis,
we could use a limited dataset to estimate the slope coefficients in the
regression equation by resampling 1000 times with replacement,
which could increase the credibility and robustness of the results. The
final equation was EVD =0.54 x ECD, with an R? value of 0.99 (Sup-
plementary Fig. 22). Consequently, a slope factor (k) of 0.54 was
adopted to estimate the EVD from the ECD for all the particles in the
TEM images. In this study, Dy, was represented by the EVD of the whole
particles (coating + BC cores). We used Eq. (4) to obtain D, for all BC-
containing particles.

k X ECDgpe =k % \2/ 4A1;m Neore =1
DC = 2 (4§ Veore 4 (4)
k % Zi - core, i ncore > 1

where D is the cumulative equivalent volume diameter of all BC cores
in a particle; neore is the number of BC cores; the subscript i denotes the
ith core; A.ore is the bearing area obtained from the TEM images; k is
the average transform ratio between the ECD and the EVD obtained via
AFM, i.e., 0.54 as shown in Supplementary Fig. 22.

Light absorption enhancement (E;,ps)

In the DEMA-Mie model, it is assumed that one or multiple spherical
BC cores are randomly distributed within one particle. The effective
refractive index of the whole BC-containing particle (¢) could be
obtained via Eq. (5)***%, The Mie model was subsequently used to
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calculate the optical properties at a wavelength of 550 nm.
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where ris the radius of a BC core, and n(r) is the number concentration
of cores per unit radius interval. The multi-BC cores cause complex
light interactions and influence E,,s, which was considered as the third
term in Eq. (5)°*°%. Without the third term, Eq. (5) transforms into the
Bruggeman mixing rule’**’. Owing to the lack of observational
evidence for ngqre, the developers of DEMA®*** used a noninteger
Neorecal Value (i.e., DZ/1,000,000) to approximate feore. Individual
particle analysis provided ngqr. values using TEM (e.g., Ncore=6 in
Fig. 1b3). Notably, 1 is the light wavelength, and we selected a value of
550 nm for one case. €, and €,,; are the dielectric constants of BC and
other aerosol components, respectively, which could be transformed
via the widely used refractive index (R/) through the procedure
outlined in Supplementary Text 6. According to the literature, the R/
values are 1.85+0.71j for BC aerosols and 1.53+0j for coating
aerosols®**. Finally, the complex Eq. (5) was solved using the
Newton-Raphson method, and the details are provided in Supple-
mentary Text 6.

PyMieScatt, an open-source Python package, was used to calcu-
late Enps via Eq. (6), according to the Core-Shell Mie (Egpscs) and
DEMA-Mie models (Eabs pema), Tespectively™ .

(6)

where Capsp and Cyps c are the absorption cross sections of the coated
BC particles and the bare BC particles, respectively. When the
DEMA-Mie model is used, Cyps, is calculated for spherical BCs with the
same D.. To compare Eaps cs and Ezps pema, We applied EMBS-DDA
model as a reference® and constructed different particle shapes with
various D, and ncgre values at the same Dp/D.. Details are provided in
Supplementary Text 4.

Random forest (RF) and Shapley additive explanation (SHAP)
approach

Both field and modelling studies face challenges in measuring and
simulating n.or per particle’. Therefore, it is essential to quantify the
potential nonlinear impact of ncore ON Eaps pema and to develop an
emulator for E,ps pema Via the use of other features as proxies for ncore.
We employed the RF model to create an emulator to predict Eaps pema-
We divided 1310 samples (coated BC particles) as follows: 70% were
used for the training set, and 30% were used for the test set. Finally, two
emulators were developed: RF1 included all input features, such as D,/
Dcr Dcr Dpr Eabs,CS: Ncores Neore,cals My, M, and M xMy; RF2 excluded Ncore
and included other parameters. Furthermore, the SHAP approach was
employed to distribute the total effect on the predicted E,ps pema Of
each input feature®. According to coalitional game theory, the dif-
ference in model predictions involving a feature j (e.g., Ncore) COM-
pared with the predictions without j was attributed to the marginal
contribution of this feature. Considering the interactive effects
between features, differences were computed for every possible fea-
ture subset combination of each sample®. For each particle sample, K
features were input to generate the prediction for Eaps pema, denoted

as f(x;), including a linear function of feature attribution in Eq. (7).

Fx)=®o(f, )+ 37, @;(fx;)
SHAP(x; ;) = ®;(f,x;) @)

@y(f,x)= 2. ,c(xi)

where K is the total number of features; N is the total samples; f(x,) is
the predicted E,ps pema Value for the ith particle via the RF model in this
study; and ®;(f, x) is the SHAP value, which quantifies the impact of
feature j on the prediction for input x; in the built model. Specifically,
the contribution of ncere (i.€.,/ = Ncore) Of the ith particle (x;) to Esps pema
was denoted the SHAP (x; ;) value in Eq. (7), as shown by the scatter in
Fig. 4e. The base value, @, (f, x) was the average value of the predicted
results. SHAP calculations were performed using the kernelshap and
shapviz R packages, whereas the RF model was trained using the ran-
domForest R package.

Parameterization and global model simulations

In many global models, accumulation-mode aerosols are over-
simplified and represented by only a few mixing states®”*’. As a result,
BC-free particles are often misclassified as a coating on BC particles,
leading to an 18-44% overestimation of the BC AAOD?*" (refer to
Supplementary Text 1 for details). Although correcting this uncer-
tainty is not our direct objective, we must ensure that BC-free par-
ticles do not confound our simulations and examination of the Core—
Shell Mie and DEMA-Mie models. To address this issue, we selected
the CAM-ATRAS, in which 40 mixing state bins are employed to
represent accumulation-mode aerosols, including BC-free particles
and various BC-containing particles®**, The CAM-ATRAS model
achieves satisfactory performance against a wide range of surface,
aircraft, and satellite observations, particularly within the AeroCom
Il (Aerosol Comparisons between Observations and Models)
framework'$4%¢7¢° AeroCom Il is an open international initiative
aimed at better understanding global aerosols and their impact. The
dataset produced by the 17 models participating in AeroCom III,
including the CAM-ATRAS, has been extensively adopted across
multidisciplinary studies's".

In the CAM-ATRAS, accumulation-mode particles with dry dia-
meters (Dp) ranging from 40 nm to 1250 nm were classified into 5 size
bins. Then eight BC mixing state bins were further defined on the basis
of the mass ratio of BC to total dry aerosols, ranging from 0% to 100%,
as shown in Supplementary Fig. 13. Via the use of these 40 two-
dimensional mixing state bins, the CAM-ATRAS simulated various
aerosol processes, including emission, new particle formation, con-
densation, coagulation, activation into cloud droplets, aqueous-phase
chemistry, and deposition®®*7°, The model setup aligned with AeroCom
1II': emission data were taken from monthly anthropogenic emissions
based on the Community Emissions Data System® and Global Fire
Emissions Database (GFED) version 4.1” (https://www.globalfiredata.
org/), in which wildfire emissions were explicitly defined. The simula-
tions were conducted with a horizontal resolution of 1.9° latitude x 2.5°
longitude, 30 vertical layers (extending up to ~40 km), and monthly
average outputs for the 2008-2015 period'®*7°,

Via the use of this model, we evaluated changes in the BC AAOD at
550 nm wavelength with and without considering multi-core BC par-
ticles. The analysis involved the following steps. (1) D, and D. were
calculated on the basis of aerosol number concentrations, mass, and
density of each aerosol composition of the 40 bins. (2) In the base
scenario, D, and D. were used to run the Core-Shell Mie model and
obtained E,ps cs. (3) Dp and D were transformed into ncore,cai, M1, Ma,
and M;xM,, which were then input into RF2 along with D,/D., D, Dp,
Eabs cs, Ncore,cal, M1, Ma, and MyxM, to obtain Eaps pema for each mixing
state bin. (4) Eaps cs and Eaps pema Were substituted into Eq. (8) to cal-
culate the BC AAOD offline, BC AAODcs, and BC AAODpgma,
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respectively. The detailed workflow is shown in Supplementary Fig. 13.
Matsui, et al.”” demonstrated that BC AAOD results from offline cal-
culations closely aligned with those from online simulations using the
Core-Shell Mie model.

30
BC AAOD= Z Z:Zl(pzNz,kCabs, c, z,kEabs,z,k)dhz (8)
z=1

where z denotes the 30 levels for height and k denotes the mixing state
bins for BC-containing particles; dh and p are the grid cell height and
air density for each level, respectively; N is the aerosol number
concentration for each mixing state bin; C,ps c and E,ps are the same as
those in Eq. (6).

Sensitivity analysis

We highlight the enhanced light absorption ability resulting from
multi-core BC particles while acknowledging the potential over-
estimation in the findings of E,,s simulations due to the nonsphericity
of BC at low Dp/D, values'®?°. An experiment by Liu, et al.”’ revealed
that the measured FE,,s value approached 1 for D,/D.<14, but the
modelled E,ps cs value increased with increasing Dp/D.. We set Egps cs
and Eips pema at 1 for Dp/D.<1.4 and then substituted Eups cs and
Eabs pema into Eq. 8 for Dp/D. > 1.4 to calculate BC AAOD again; these
values were referred to as BC AAOD'cs and BC AAOD peya, respec-
tively. We estimated the contribution ratio using Eq. (9) to assess the
relative importance of the global BC AAOD simulation due to non-
sphericity and multi-core BC.

BC AAODpgya — BC AAODg

Contribution ratio= T
BC AAOD¢ — BC AAOD

9

Data availability

The Fire Information during the sampling period is provided by
https://firms.modaps.eosdis.nasa.gov/map/. The observation and
simulation data generated in this study have been deposited in the
Figshare database [https://doi.org/10.6084/m9.figshare.28225802]"%
CAM-ATRAS model simulation results are available upon request from
the author (H.M.). The transmission electron microscopy images are
available from the corresponding authors upon request.

Code availability

Code for modelling absorption with DEMA-Mie is available from the
author (MJ.). The Mie optical calculations are performed with
PyMieScatt, which is available at https://github.com/bsumlin/
PyMieScatt. 72-h backward trajectories are performed by
Meteolnfo_3.5.2 (http://meteothink.org/). The code of the EMBS is
available online (https://doi.org/10.6084/m9.figshare.13606304). The
source code of DDA (DDSCAT 7.3.3) can be obtained online (http://
ddscat.wikidot.com/). Code related to the RF1 and RF2 is available at
[https://doi.org/10.6084/m9.figshare.28225802]%. Additional code
may be requested from the corresponding authors.
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