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Figure S1: The measurements of field experiment campaign in August, 2022.
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Figure S2. Schematic illustration of the uniform and non-uniform BC mixing-state assumptions used in this study, showing

different allocations of BC mass across particle size bins under identical total BC mass.



Table S1: Summary of statistical metrics used in this study and their interpretive roles in constraining aerosol optical properties

and TOA radiative forcing.

Statistical Quantified Uncertainty / Information Physical Interpretation Manuscript
Index Reference
RMSE Forcing difference due to simplified size Indicates sensitivity of TOA forcing Table 1
distributions (Logi, Logi23) relative to ISSIZE to aerosol size representation
reference
RMSE Prediction error from statistical forcing estimates ~ Separates statistical modeling error Table 2
relative to Mie-SBDART results from aerosol microphysical
uncertainty
R2 Fraction of forcing variability explained by High R? suggests forcing variability is  Table2;
aerosol number, size, and spectral absorption physically driven rather than noise- Figures 6
dominated
Two-tailed  Statistical significance of wavelength-dependent ~ Confirms that wavelength-dependent ~ Section 3.3
t-test forcing differences forcing differences are systematic
10
Figure S3: Photograph taken by Luoyao Guan in the study areas in August, 2022. These are typical scenes associated with black
carbon, coal dust, and absorbing aerosol emissions. (a) the environment of coal mining areas; (b) coal-fired power plants; (c) coal
transportation (d) coal storage.
15



20

s AOD440BC470 s . AODS00BC520 | | AOD675BCE60 s
[C-1SSA Range without Validation (a [1SSA Range without Validation ®) [C-1 SSA Range without Validation ©
0.9 ~#~ Mean of SSA Range without Valdation “09 09 -® Mean of SSA Range without Vaiidation 09 09 ~#- Mean of SSARange without Validation 08
[ SSA Range with Validation [—__1SSA Range with Valdation [_1SSA Range with Validation
& Mean of SSA Range with Validation ‘© Mean of SSA Range with Validation & Mean of SSA Range with Valdation
08 4 The Mean Diameter of Gore 08 02| -4 The Mean Diameter of Gore 08 0.8~ 4 The Mean Diameter of Gore 08
o7f . <07 07 07 07- -07
Lok L ¥
06 . T 06F 08 R A Jos g 0 - . ~06F
. : T P H PR T T
Fos- | T =8 2 losigos| ’; [;t; . 0s 8505 11 i%éé 05
e} ?‘ A g 4 [ : e ®
04 o P 048 04 048 o4 . ’L B K 048
P -t .
. . . I .
o2t v 02 02 v 02 o2 2 02
. . .
-t et -t
0.1 oprmrinn® 101 01| eentin® L -o01
FE" — 0 0 . Lo o . o
2102 % of A‘J u" B o8 0 108 A8 (AD A8 (90 2® 5 3‘> v" ® m‘v =ﬂ eﬁ o m“ \‘> AR GA® (20 2 09% o, w“ =~5 u‘° %‘b b" o o® \‘ \5 \6 20
@"” e e S o e (e g e o e ! e s e S G 1 e e e “,L,jn e e e e e (e e Ml
Parice Size(um) Particle Size{um) Parice Size(um)
s AOD870BC880 B ) AOD936BCE50 )
[-15SA Range without Validation @ [1SSA Range without Validation ©
0.9 -~ Mean of SSA Range withut Validation “09 09| ~®- Mean of SSA Range without Validation 09
[ SSA Range with Validation SSA Range with Validation
&~ Mean of SSA Range with Validation ‘©~ Mean of SSA Range with Validation
084 The Mean Diameter of Gore 08 0 4 The Mean Diameter of Gore 08

N %é%

0
20,

500 0™ s‘:““
oS

%§%% Tl

0%

o 5 o
o & o <
5% @,\ KNS Q‘L‘)“ @B o

Pamc\e Size(um)

%%%%? :

.
@e N “mmnz@ oF

Core Sy

%%%% :

L i Py
9 A3 418 620
oA A o

A e

®
£ s1“

Partcio Size(um)

Figure S4: Multi-wavelength SSA simulation results under non-uniform assumption and ISSIZE distribution. Convex hull (pink)

represents the particle size range where AAE theory is applicable, while concave hull (blue) indicates the non-applicable region,

when computed using observations at (a) 470 nm; (b)520 nm; (¢)660 nm; (d)880 nm; and (¢)950 nm respectively.

Table S2. Comparison of aerosol optical representations in OPAC, AERONET, and this study, including size dependence, mixing

assumptions, and typical SSA ranges.

Optical property
Approach
treatment

Size dependence

Typical

Mixing assumption
SSA range

Prescribed optical
properties based on

OPAC . .
1dealized aerosol

types

Retrieved effective
AERONET SSA from sun-sky

radiance inversion

Observation-
. constrained, multi-
This study
wavelength

nversion

Fixed (Lognormal)

Implicit using two lognormal
distributions (one in the coarse

mode and one in the fine mode)

Explicit, size-resolved: based on
observations; a simplified three
lognormal distribution; and a
more simplified single

lognormal distribution.

External or simplified internal
.. 0.85-0.95
mixing.

Implicit (core shell mixing is

applied, using a fixed ratio
) 0.85-0.92
between core and shell as a single

effective mixing state)

Core-shell mixing with flexible
] 0.28-0.85
core to shell ratios.




25 Figure SS5: Differences of multiband SSA under different assumptions and size distributions. (a) ISSIZE and Log; under the non-
uniform assumption; (b) ISSIZE and Logi;; under the non-uniform assumption; (c¢) Log; and Logi;s under the non-uniform
assumption; (d) ISSIZE and Log; under the uniform assumption; (e) ISSIZE and Log;,; under the uniform assumption;(f) Log; and
Logi23 under the uniform assumption.
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30 Figure S6: Differences of multiband radiative forcing and ratio with uniform assumption between different size distributions. (a)
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Table S3: The statistic of radiative forcing through all five bands with uniform assumption, the mean values of RF are given in bold,

the standard deviations are given in parentheses, the last two rows are RMSE between different size distribution.

470 nm 520 nm 660 nm 880 nm 950 nm

ISSIZE 3.1(1.9) 452.0) 6.1(2.3) 6922 5.72.4)

Logi 3.0(1.9) 44(2.0) 592.3) 6821) 5523

Logizs 3.1(1.9) 452.0) 6.02.3) 692.1) 5.6(2.3)
RMSE(ISSIZE-Log1) 0.16 0.16 0.18 0.17 0.16
RMSE(ISSIZE-Logi23) 0.05 0.05 0.06 0.06 0.05

Table S4: The statistic of two first-order linear/non-linear models with uniform assumption through all five wavelengths, the

35 coefficient of determination is given in bold, the RMSE, and weighted RMSE are given in parentheses (W m).

470 nm 520 nm 660 nm 880 nm 950 nm

ISSIZE (SSA) 0.79(4.44, 0.09)  0.76(4.39, 0.09) 0.73(4.28, 0.09)  0.71(4.20, 0.10)  0.74(4.34, 0.09)

Logi (SSA) 0.85(4.31, 0.10)  0.85(4.1, 0.11) 0.85(3.97,0.12) 0.83(4.07, 0.12) 0.86(3.92, 0.11)

Logi23 (SSA) 0.82(4.40, 0.09)  0.81(4.35, 0.09) 0.79(4.30, 0.11) 0.77(4.32, 0.11)  0.80(4.28, 0.10)
ISSIZE

(SSA. AOD., size) 0.93(2.73, 0.06) 0.93(2.61, 0.07)  0.93(2.5, 0.07)  0.93(2.39, 0.07)  0.93(2.56, 0.06)

Logt . 0.93(2.98, 0.12)  0.93(2.73,0.07) 0.94(2.57, 0.07)  0.93(2.57, 0.08) 0.94(2.57, 0.07)

(SSA, AOD, size)

Logizs

(SSA, AOD, size)

0.93(2.87, 0.14)

0.93(2.72, 0.15)

0.92(2.55, 0.16)

0.92(2.49, 0.15)

0.93(2.51, 0.07)
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Figure S7: Deriving adjusted TOA using two different linear models with uniform assumption, the first row in each subfigure is
linear model only including SSA, the second row is linear model including the effects of BC core, sulfate shell and AOD as additional
variables, the first to the third column for each subfigure is 470nm, 660nm and 880nm. (a) ISSIZE measurements; (b)Log;

distribution; (c)Log,3 distribution.



