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S1. Source Apportionment of OA
Here, the positive matrix factorization (PMF) and multilinear engine (ME2) were
implemented on the OA data measured by ToF-ACSM to determine the numbers and
types of OA source factors (Paatero 1999; Paatero and Tapper 1994). The data
analyses were conducted using the source finder (SoFi, Canonaco et al., 2013) tool
version 6.3 for Igor Pro. PMF is a bilinear unmixing model that can describe the
variability of a multivariate database as a linear combination of static factor profiles
and their corresponding time series, as expressed in Eq. (S1):
X=GF+E (S1)
where X refers to the measured OA mass spectral matrix containing i rows and j
columns, F contains the factor profiles, G their corresponding time series, and E is the
model residuals and the scaled residuals are minimized. The model uses a
least-squares method to iteratively minimize the object function Q, defined as the sum

of the squared residuals (eij) weighted by their respective uncertainties (ojj):

Q= I (3)2 (S2)

Gij

The PMF analysis was performed using the ME2, which allows for a
comprehensive exploration of rotational ambiguity in the solution space (Canonaco et
al., 2013). ME2 is used to introduce a priori information as an additional model input,
constraining one or more factor profiles to a predetermined range (a value):

£ sotuion = ;£ % ($3)
where f refers to a row of the matrix F, j indicates the m/z of the ions, and the a value
(from O to 1 with a step of 0.1) determines the extent to which the output profiles can
differ from the model inputs.

The optimal number was selected by the discrimination of the tracers and the
spectrum pattern of each source. Hydrocarbon-like OA (HOA) was dominated by
alkyl ions with prominent ion fragments at CoH" 201 and CoH" 2041 (m/z 41, 43, 55, 57,
69, 71, 83, and 85) in the spectra (Elser et al., 2016). Biomass-burning OA (BBOA)
was identified by significant contributions from m/z 60 (mainly C2H402") and m/z 73
(mainly C3Hs0."), they were the fragments of levoglucosan and mannosan emitted
from incomplete biomass burning (Alfarra et al., 2007). Coal-combustion OA (CCOA)
was characterized by unsaturated hydrocarbon ion fragments such as PAH-related ion
fragments (i.e., m/z 77, 91, and 115) (Sun et al., 2016). Oxygenated OA (OOA) was

distinguished by the prominent signal of m/z 43 (mainly C;H30") and m/z 44 (mainly
Sl
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CO;") (Ng et al.,, 2011). Aqueous-phase oxidized OA (aqSOA) also had high
correlation with m/z 43 and m/z 44, while it might show a significantly higher m/z 29
(mainly CHO") signal than other OA factors (Zhao et al., 2019; Zhong et al., 2021).

In this study, we performed the free PMF runs from 3 to 6 factors. The discrete
spectra were more likely to reasonable results when N = 4, 5, and 6 (Fig. S4-S6).
When N = 4, OOAIl, OOA2, HOA and BBOA+CCOA were resolved. In
BBOA+CCOA, the signals of levoglucosan (m/z 60) and PAH-related (m/z 91 and
115) ion fragments were obvious in the spectrum, suggesting BBOA was mixed with
CCOA. In the N = 5 solutions, BBOA, CCOA, HOA, OOA, and aqSOA were
resolved. These solutions were more reasonable than the N = 4 solutions because of
the high relative humidity conditions during the sampling period. However, both
CCOA and HOA exhibited significant signals at m/z 60, suggesting potential mixing
with BBOA. When N = 6, the resolved OOA profiles were less evident than those in
N = 5. Additionally, Q/Qexpectea showed that the solution with 5 factors was the most
interpretable results (Fig. S7).

It should be noted that there was still a mix among POA factors in the five
factors PMF solutions (Fig. S5). Initially, we tried to constrain COA by using COA
profile in ME2 to identify if COA factor could be resolved from the OA sources. The
COA was tried to constrain by using the profile from Elser et al. (2016). The
restriction method ME2 was used to minimize PMF rotational ambiguity by the
a-values from 0 to 1 with a step of 0.1 based on the reasonable result of PMF
solutions. However, a large amount of blank values were shown, indicating COA was
absent during the campaign. Then, all the combinations (BBOA and HOA, BBOA and
CCOA, HOA and CCOA) were freely optimized by 11 a-values variables,
respectively.

Here, BBOA was constrained by using the BBOA profile of Zhong et al. (2020),
which was a clean BBOA profile from free PMF result. HOA and CCOA were
constrained by using the HOA profile of Ng et al. (2011) and CCOA profile of Wang
et al. (2017) to avoid mix with BBOA, respectively. Compared with previous research
(Zhong et al., 2021), the optimal a-values solutions and ion fragments tracers were
used to optimize the results, achieving effective minimization of m/z 60 signals in
both HOA and CCOA profiles. In order to minimize the mix of BBOA from HOA and
CCOA, a threshold of m/z 60 (the major ion tracer of BBOA) for the maximal

fractional contribution was set as 0.006 (mean + 2c) for HOA and CCOA,
S2
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respectively (Ng et al., 2011; Wang et al., 2017).

(1) When BBOA and HOA were freely combined in increments of 0.1 (from 0 to
1), the fractional contribution of m/z 60 in HOA ranged from 0.0017 to 0.0189. When
the a-values of BBOA and HOA were set to ranges of 0—1 and 0—0.6, respectively, the
fractional contribution of m/z 60 in HOA remained below 0.006. However, when the
a-values of HOA extended to 0.7—1, the corresponding m/z 60 fractional contributions
exceeded 0.006 (Fig. S8a). Therefore, only solutions with HOA a-values below 0.7
were retained, while all BBOA solutions with a-values ranging from 0 to 1 were
retained.

(2) BBOA and CCOA were also freely combined by 11 a-values variables
according to the a-values method in (1). When the a-values of CCOA were higher
than 0.9, all fractional contributions of m/z 60 in CCOA were above 0.006 (Fig. S8b).
In contrast, at CCOA a-values below 0.9, all the corresponding m/z 60 contributions
in CCOA remained below this threshold (< 0.006). Therefore, the BBOA solutions
with a-values ranging from 0 to 1 were retained, but all solutions with CCOA a-values
exceeded 0.9 should be eliminated.

(3) After HOA and CCOA were constrained, the other unconstrained factors had
a similar pattern with previously reported profiles. Based on the results from (1) and
(2), we selected a-values ranges of 0—0.6 for HOA and 0-0.8 for CCOA for the
factors combination. As shown in Fig. S8c, when the a-values of CCOA exceeded 0.7,
most of the corresponding m/z 60 fractional contributions were above 0.006.
Therefore, both the HOA and CCOA solutions with a-values from 0.7 to 1 were
deleted based on the aforementioned criteria. Overall, 20 PMF solutions were retained

and their average was used as the final result (Fig. S9).
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S2. Estimation of Aerosol Liquid Water Content (ALWC)

The effect of inorganic ions on ALWC was estimated using a thermodynamic
equilibrium model for the NH4—SO04s—NO3—ClI—H>O aerosol system,
ISORROPIA-II (Fountoukis and Nenes, 2007). Here we ran the ISORROPIA 1II in
forward mode, and the particles were assumed to be deliquescent, i.e., in metastable
mode (Hennigan et al., 2015). The ammonium, nitrates, sulfates, and chlorides mass
concentrations were measured by ToF-ACSM and the meteorological parameters (T
and RH) were obtained from National Environmental Monitoring Station.

Meanwhile, the contribution of organics to ALWC was calculated by
Zdanovskii—Stokes—Robinson (ZSR) mixing rule using the following equation (Guo

et al., 2015; Huang et al., 2020; Nguyen et al., 2016; Xu et al., 2022):

= oA koa
Won = == Pw Gov/an) (S4)

where OA was the mass concentration of organics, pw was the density of water (1.0 g
cm3) and poa was the density of organics (1.4 g cm™3) (Nguyen et al., 2016; Xu et al.,
2022). koa was the hygroscopicity parameter of organic aerosol composition. We
applied koa value of 0.08 for organic aerosols at urban site (Nguyen et al., 2016). aw
was the water activity (dimensionless). We assumed aw was equivalent to RH for the
sake of simplicity because of a lack of particle diameter data (Huang et al., 2020; Xu
et al., 2022).
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S3. Estimation of BC and BrC Absorption

Aerosol light absorption (Abs;) was caused by black carbon (BC) (Absysc) and
brown carbon (BrC) (Absysrc). In this study, the Abs; value was measured in real time
by AE33 (Magee Scientific) at seven wavelengths (i.e., 370, 470, 520, 590, 660, 880,
and 950 nm) (Drinovec et al., 2015). Previous research indicated that Abs; measured
by Aecthalometer was influenced by the scattering effects of quartz filters and
nonlinear loading effects (Coen et al., 2010). This study implemented real-time
corrections for loading effects based on the parallel measurements of attenuation

values (ATN1 and ATN2) from the AE33 (Drinovec et al., 2015):
_ In(1-k x ATN,)

O
0 x FVRF In(1-k x ATN,) (S5)
_ (ATNtA - ATN}) X koig + (ATN] - ATNp) x &k
kweighted - (ATNA - ATNp) (86)
Abs, = A % (AATN,/100) S7)

01 x (1-6) x C, x (1-kx ATN},) x At
where 4 and Q are the spot size and flow rate onto which particles are collected over a
certain time period (7), respectively; Cy is factor to compensate for multiple scattering
of the filter fibers. In this study, the scattering effects of quartz filters were modified
automatically by a single C value of 2.14 for all wavelengths (Weingartner et al.,
2003). The value of o, the lateral airflow in the filter matrix under the optical chamber,
is determined by measuring of input and output flow; the face velocity ratio factor
(FVRF) is determined from the ATN2/ATN; ratio obtained at low filter loadings
(Drinovec et al., 2015). The parameter £ is determined by numerically solving the Eq.
(S5). ATNp and ATNTa are the upper limit on the attenuation range and attenuation
setting to trigger the tape advance (typically around 120 at 370 nm), respectively. A
weighted value of the parameter k (kweighted) 1S used for loading effect compensation. It
should be noted that the different compensation algorithms might yield slightly
different Abs,. However, the comparison of these approaches or the improvement of
the compensation methodology used is beyond the scope of this study.

Using equations (S8) and (S9), BC concentrations and the coefficient k& for
eliminating filter scattering effects were calculated based on the measured ATN1 and
ATN2 values, along with the mass concentrations of BC1 and BC2. The Abs, was
derived from BC concentrations at different wavelengths and the mass absorption
cross-section of aerosols (MAC,) according to equation (S10) (Zhu et al., 2017). Then,
Absy.sc and Abs; sc were calculated based on the equations (S11), (S12), and (S13)
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(Qin et al., 2018; Wang et al., 2021; Zhu et al., 2017).

BC1=BC x (1 - k x ATN1) (S8)

BC2 = BC x (1 - k x ATN2) (S9)

Abs, = BC, x MAG, (S10)

Absgc )1 = Absyy - Abspc (SI1)

Abspcy; = Absy, X (hy/hy)AAERC (S12)

AAEgc = -log¢(Absggg/Absgsg) + 1og;0(880/950) (S13)

where Abs; represented the Abs at 880 nm. We assumed that Absgs.c was considered
negligible at 880 nm, and MAC,, values were 18.47, 14.54, 13.14, 11.58, 10.35, 7.77,
and 7.19 m? g ! at 370, 470, 520, 590, 660, 880, and 950 nm, respectively (Drinovec
etal., 2015; Qin et al., 2018; Zhu et al., 2017).

Previous research have demonstrated that AAEgc is sensitive to the refractive
index, size distribution, and coating of carbonaceous aerosols (Gyawali et al., 2009;
Lack and Langridge, 2013; Li et al., 2019). In this study, the relative uncertainties of
Absgc and Abspc were estimated following the methodology described by Tian et al.
(2019):

880
Ui () = (U850 mm)2 + (AU agy  In (0) 2 (S14)
U000 % ADSOP + (Untyc) % AbSBC? [(Unus 02 + (Untc ) * (1 - o))
UAbspec (M) = Abs()) - Absgc(h) B Carc(M)
(S15)
U1 = (Uaas 0+ (U (0 (S16)

where Upps(L), Uapsy (M), and Uppg, (A) represent the relative uncertainties of Abs,
Absgc, and Absgic, respectively. AUyg,. represents the absolute uncertainty of the
AAERc = -logg(Absggg/Absgsy) + 10g10(880/950) , In(880/L) is used to adjust the
AUppg,. to the relative uncertainty. Qin et al. (2018) fould AAEgc ranges from 0.67
to 1.03 in core-shell scenarios with different refractive indexes, cited in this study.
Upaps(A) 1s specified as a constant value (= 5%) to represent uncertainty in the
absorption measurements of the model AE33 at all the wavelengths (Tian et al., 2019;
Titos et al., 2015). Cg,c(}) is the absorbance fraction of BrC relative to Abs.

The relative uncertainties of Absgc were estimated to be [-46%, +21%] at 370

nm, [~34%, +16%] at 470 nm, [~28%, +13%] at 520 nm, [~22%, +11%] at 590 nm,
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[-16%, +8%] at 660 nm, and [—5%, +5%] at 880 nm. The relative uncertainty of
Absgic, as well as the relative uncertainties of Cg:c, can be calculated using equations
(S15) and (S16), with a resulting uncertainty range of [—112%, +42%] at 370 nm.

Absy.sic was caused by primary BrC (Abs picpri) and secondary BrC (Absy sic sec)-
The Absyprcsec Value was estimated by a minimum R-squared (MRS) method at each
wavelength developed from the BC-tracer method (Wang et al., 2019; Wu and Yu,
2016):

AbSx,BrC = Absx,BrC,pri + Absx,BrC,sec (817)
_ Abs, grc
Absx,BrC,sec - Absx,BrC - ( BC )pri x BC (818)

where BC was the mass concentration (ug m™>); (Absypc/BC)pi was the ratio of
Absygrc to BC mass concentration in primary emissions (m2 g'). The BC mass
concentration and Abs; rcsec Values caused by SOA were independent (Shrivastava et
al., 2017).

Here, a series of arbitrary values for (Absyp:c/BC)pi from O to 40 in increments
of 0.01 was used to calculate a set of Abs)prcsec values at each wavelength. A
coefficient of determination (R?) for the relationship between Abs) grc,sec and BC mass
concentration was derived. Detailed information on the method and validation of this
approach could be found in Wu et al. (2024). Fig. S12 shows the series of R? values
plotted against the assumed values of (Absyp:c/BC)pi. As BC and Absp:c sec. Were
independent, the target value of (Absysc/BC)pi corresponded with the minimum R?
(Absysrcsec, BC) was chosen to analyse at each wavelength. The bias of MRS result
was < 23% when the measurement uncertainty was within 20% (Wu and Yu, 2016).
The negative estimated Absprcsec, Values were set to zero, and the corresponding

Absgrcprip Was taken as the observed Absgrc)..
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S4. Assessment of a Multiple Linear Regression Method

In this study, the estimate of Abs)pic for each OA component (Table S2),
obtained through the multiple linear regression (MLR) method reconstruction, was
evaluated by the normalized mean bias (NMB), root mean square error (RMSE), and
index of agreement (IOA). These parameters were calculated as follows (Li et al.,
2011):

?i] (Pi - Oy)
N

NMB = , (S19)
i=1 Vi
!
RMSE=[- N (©] (S20)
N #-0)
I0A=1 - —=02 (S21)

N, (IP;-0] + [0;-Ol)’
where P; and O; were the Absys:c estimated by MLR method and measured by AE33,
respectively; N was the total number of predictions used for comparison; O denoted
the average of the observed Absys:c. The IOA ranged from O to 1, with 1 indicating
perfect agreement of Absys.c between the MLR reconstruction and AE33
measurement.

During the campaign, the NMB values of Absys.c were 11.8%, 32.0%, 26.6%,
25.3%, and 13.3% at 370, 470, 520, 590, and 660 nm, respectively. Meanwhile, the
RMSE values of Abs)g:c were 13.5, 7.5, 4.7, 3.1, and 1.7 Mm™!, respectively. The
IOA values at each wavelength (0.99-1.00) were higher than 0.95. Additionally, as
shown in Fig. S14, the Absip:c values estimated by MLR method showed the best
correlations (> = 0.86, 0.84, 0.78, 0.61, 0.54, respectively, p < 0.001) with those
measured by AE33 at 370, 470, 520, 590, and 660 nm, respectively. The slopes of
these relationships between Absipc measured by AE33 and estimated by MLR
method were 0.81, 0.96, 0.78, 0.61, and 0.54, respectively.
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SS. Backward Trajectory Analysis

48-hr backward trajectories of air masses arriving at Yongchuan were calculated
every hour with the starting height of 200 m above ground level by using the NOAA
HYSPLIT model (http://ready.arl.noaa.gov/HYSPLIT traj.php) (Stein et al., 2015).
The trajectory cluster analysis was based on the GIS-based software TrajStat (Cabello
et al., 2016; Wang et al., 2009). The fire spots were obtained from satellite observation
(https://firms.modaps.eosdis.nasa.gov/active fire/, last access: 28 August 2025).
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227  Table S1. Summary of mass concentrations of OA (ug/m?), the fraction of OA in fine

228  particles (PMzs), and the fraction of BBOA in OA during the fall-winter period in

229  different cities (based on hourly averaged data.)

Fraction of

Fraction of

Location OA BBOA
s ) ( ) ( ) OAin PM2s BBOAin OA References
eason pug m pg m
(%) (%)
Chongqing .
241+18.1 8.6x7.7 46.6 £10.7 348+ 11.2 This study
(Autumn)
Chongqing
16.4+9.8 1.4+09 488+ 14.6 86=+5.0 (Tang et al., 2025)
(Winter)
Chongqing
255+11.8 4.7 49.0 15.6 (Zhang et al., 2023a)
(Winter)
Chengdu
) 392+39 89+54 403+7.6 22.7 (Bao et al., 2023)
(Winter)
Beijing
22.1+18.1 N.A. 34.2 N.A. (Zhang et al., 2023b)
(Winter)
Shijiazhuang
. 16.0+£9.7 N.A. 26.9 N.A. (Zhang et al., 2023D)
(Winter)
Xi'an
. 259+ 18.0 N.A. 339 N.A. (Zhang et al., 2023D)
(Winter)
Shanghai )
. 11.5 0.3 25.0 2.7 (Lietal., 2020)
(Winter)
Shanxi
245+21.1 2.8+49 354 11.3 (Lietal., 2022)
(Winter)

230
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233

Table S2. The Abs values and contributions of five OA factors to Absg:c at different

wavelengths during the campaign.

OA

Parameter 370nm  470nm  520nm  590nm 660 nm
factors
Ab Mm™! 19.4 6.0 3.8 2.2 1.2
BBOA smsoa (Mm ™)
Contribution (%) 519 44.5 40.8 43.4 39.1
OOA Absooa (Mm™) 4.1 2.1 1.5 0.8 0.5
Contribution (%) 11.1 16.5 16.9 16.6 16.6
Absagsoa (Mm™) 6.2 2.3 1.6 0.9 0.7
aqSOA B
Contribution (%) 16.4 214 20.8 22.1 26.7
Ab Mm™! 4.3 1.0 0.7 0.4 0.2
CCOA Sccos (Mm )
Contribution (%) 11.5 7.8 7.5 7.4 7.5
Absgoa (Mm™) 34 1.3 1.3 0.5 0.3
HOA o
Contribution (%) 9.1 9.8 14.0 10.5 10.1

S11
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235  Figure S1. Location of the observation site in the Sichuan Basin (from Baidu Maps,

236 © 2025 Baidu — GS(2023)3206).
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238 Figure S2. Scatter plots of (a) molar concentrations of NH4" versus the sum of SO4>,

239  NOs7, and CI, (b) molar ratios of NO3;™ to SO4>~ versus NH4" to SO4>".
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