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S1 Construction of feature dataset
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Figure S1. Relationship between the original SP2 signals (line plots) and the feature signals used in machine learning model construction
(scatter plots) for different particle types: (a) purely scattering particles; (b) externally mixed BC; (c) internally mixed BC. The method for
selecting feature signals used in retrieving the core diameter (Dc) of BC-containing particles is identical to that used for externally mixed
BC.



S2 LightGBM model

For each type of particle, the number of samples used in machine learning reaches an order of 10°. The dataset is randomly
partitioned into training and testing sets with a ratio of 7:3, and this unbiased selection method helps improve the reliability
10 and generalizability of the model. To demonstrate the effectiveness of this data division, we analyse the normalized number
size distributions of particle diameter (D;) in both the training and testing sets for the internally mixed BC inversion model.

As shown in Fig. S2, the consistent distributions between these two sets validate the rationality of our data partitioning

approach.
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15 Figure S2. The normalized number size distribution of the training set (black marks and line) and testing set (red marks and line) used in
the D, inversion model for internally mixed BC.
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S3 Comparison of Dp inversion results between training and testing sets for internally mixed BC

As illustrated in Fig. S3, the coefficients of determination R? for the training and testing sets are 0.99 and 0.98, respectively.

These high R? values indicate excellent model performance, with the close R? values demonstrating the model’s strong

predictive capability and good generalization performance.
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S4 SHAP interpretations
S4.1 SHAP analysis for the Dy, inversion model of internally mixed BC

Figure S4 shows the scattering and incandescence signals of 6 typical particles used as input for the machine learning (ML)
model. Figure. S4 also indicates the specific distribution of seven important features, identified by the SHapley Additive
exPlanation (SHAP) method, within the incandescence signals of different particles. These 6 typical particles have similar Dk,
but the coating thickness (CT) varies, decreasing sequentially from panel (a) to (f). Since the evaporation time of the coating
of BC-containing particles is positively correlated with the CT, the time delay (At) decreases sequentially from panel (a) to (f).
When the coating is thicker and At is longer, the seven important incandescence signal features are mostly distributed at the
baseline position where the incandescence signal has not yet begun to rise, and their corresponding values are smaller. As the
coating becomes thinner and At decreases, the position where the incandescence signal starts to rise from the baseline earlier.
Consequently, the relative positions of the seven important incandescence signal features gradually approach the peak of the
incandescence signal, and their corresponding values increase. Therefore, these seven important incandescence signal features
exhibit the same characteristic: as their values increase, the corresponding SHAP values decrease, leading to a reduction in the

D, of the BC-containing particles predicted by the model.



—— Scattering signal
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40 Figure S4. The scattering and incandescence signals of 6 typical particles used as input features for the ML model. The green dots scattered
on the incandescence signals indicate the specific positions of seven important features within the incandescence signals, as identified by
the SHAP method. From panel (a) to (f), the CT of the particles decreases sequentially, and correspondingly, At also gradually decreases.
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S4.2 SHAP results for the optical cross-section inversion model of internally mixed BC

Figures S5a and S5b illustrate the SHAP summary plots for the inversion models of absorption and scattering cross-sections
of internally mixed BC, respectively. Due to the small magnitude of the optical cross-section, the SHAP values shown here
have been amplified for clarity. The SHAP summary plot for the absorption cross-section of internally mixed BC shows that
most of the top 15 important features are related to the incandescence signal. Specifically, features BBLG28, BBLG29, and
BBLG27, corresponding to the feature dimensions near the peak of the incandescence signal, contribute most significantly to
the absorption cross-section. Among the top 15 features, several features related to the scattering signal (SCLG12 to SCLG15)
are also present. These features, associated with the peak positions of the scattering signal, demonstrate that larger feature
values positively contribute to the inversion of the absorption cross-section. This phenomenon can be attributed to the “lensing

effect” of the coating (Cappa et al., 2012; Schwarz et al., 2008), which enhances the absorption of the BC core.

For the inversion model of the scattering cross-section of internally mixed BC, scattering signal features are particularly
important, showing a positive correlation with the scattering cross-section. Meanwhile, the incandescence signal, which

reflects the characteristics of the BC core, also plays an important role in the inversion process.
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Figure S5. The SHAP summary plot for the optical cross-section inversion model of internally mixed BC: (a) absorption cross-section; (b)
scattering cross-section.



60 S5 Model application

Table S1. The statistical results of Dp and Dc of internally mixed BC obtained by applying the LightGBM inversion model to the single-
particle soot photometer (SP2) data in April 2022.

Statistical results D D,
R? 0.99 0.98
RMSE (nm) 0.21 8.28
MAE (nm) 0.14 4.19
Third Quartile (nm) 150.8 236.7
Median (nm) 130.8 200.0
114.0 177.5

First Quartile (nm)
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