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Ramping Protocol for FIGAERO-CIMS

A uniform temperature ramping protocol was applied for all filters, following four steps: (1) stabilization
at 25 °C for 1 min; (2) heating from 25 °C to 200 °C in 24 min; (3) soaking at 200 °C for 15 min; and (4)
cooling to 25 °C within 15 min. The instrument background was assessed by analyzing data from two
heating cycles performed on each filter sample. Meanwhile, parallel experiments were conducted to
examine the effects of sampling and operation, with linear regression slopes ranging from 0.84 to 1.13 and
the correlation coefficients upwards to 0.997.

Hierarchical Cluster Analysis

Hierarchical Cluster Analysis (HCA) is an unsupervised method that constructs a dendrogram
by progressively merging samples toreveal underlying similarity relationships. In this study, HCA
was employed to classify OA samples based on their molecular-level composition. The analysis
utilized a sample-by-molecule data matrix comprising 48 samples and 274 identified molecular
formulas (e.g., C10HsO3, C7H6O3). Prior to clustering, the data were standardized to eliminate
magnitude biases and ensure equal weighting of all compounds. The analysis was performed using
R software (version 4.4.1). Euclidean distance was used to quantify dissimilarities, combined with
Ward’s minimum variance method as the linkage criterion. This approach is well-suited for
standardized, high-dimensional compositional data and is widely established in aerosol molecular
characterization studies !- 2. The resulting hierarchical structure was visualized as a dendrogram,
with the optimal number of clusters determined based on linkage distance and the chemical
interpretability of molecular patterns. These identified clusters represent distinct OA molecular
regimes and serve as the basis for subsequent analyses.

Double-bond equivalence calculation

The double-bond equivalence (DBE), oxidation state for the oxygenated organic compounds
were calculated as Eq 3 and 4, following Wang et al., 2017 3 4.

2c+2+n—h

DBE = Eq.3

0S=2x2-=% Eq. 4

Here, c, n, and h represent the number of carbon, nitrogen, and hydrogen atoms in the compound’s
chemical formula. with FIGAERO-CIMS.

Positive Matrix Factorization

In this study, positive matrix factorization (PMF) was applied to identify potential sources of
ambient PM2 s online PM3 5 inorganic component data with OC and EC were imported into the



Source Finder toolkit (SoFi, ver. 6.8.4), which communicates with the multi-linear engine (ME-
2). PMF analysis utilized online fine particulate matter component data (average to 1-h resolution,
Table S1) collected on the rooftop of the Huanjing Building, situated northeast of the Xinhua Road
and Jiankang Road intersection in downtown Weifang. The uncertainty of the PMF input data was
calculated using two separate equations, depending on whether the species concentration was
above (Eq. 1) or below (Eq. 2) the method detection limit (MDL). In the trace element analyses,
the criterion for selection was that data fora given element had to exceed three times the MDL in
most samples. Therefore, the PMF analysis was limited to 11 elements: Al, K, Ca, Ti, Mn, Fe, Co,
Cu, Zn, Se, and Pb.

A total of seven sources were resolved in this study, including secondary inorganic aerosols,
vehicle emissions, coal combustion, biomass burning, fireworks and related emissions, industrial
emissions, and dust. Detailed sampling information regarding the source apportionment analyses
will be discussed in Luan et al. (in preparation).

Uncertainty; ; =,/ (Error Fraction X Conc;;)? + (0.5 X MDL;)? Eq. 1

Uncertainty; ; = gx MDL, Eq. 2

Here, Uncertainty and Conc represent the uncertainty and concentration of species i in sample
sequence j. MDL denotes the method detection limit for species i. An error fraction of 20% was
applied in this study.

The variation in Q/Qexp values suggested that five factors could explain the majority of the
residuals, as adding additional factors did not further decrease the ratio. Introducing more factors
only added a component dominated by noise stemming from the variation of trace elements due to
instrumental analytical uncertainty. Fpeak tests were conducted within a range of -1 to 1
(increments of 0.1). Compared to the base runs, Fpeak rotation primarily altered the separation and
profiles of the factors, particularly for dust sources.

Secondary inorganic sources were identified due to high concentrations of secondary
components, such as nitrate, ammonium, and sulfate. Vehicle emission factor was enriched in
nitrate but showed lower contributions of SO4 or K*, indicating a strong influence of nitrogen
emission related sources which differ from biomass burning activities. The co-variation of this
factor with gaseous pollutants, such as CO and NO, during the early morning suggested that
vehicle emissions were the primary source. In contrast, the source profile of coal combustion
exhibited higher levels of crustal elements (e.g., Al, Ca, and Fe) except for carbonaceous aerosols;
the presence of these trace metals suggests that this factor originated from coal burning rather than
vehicle emissions. This was further validated by the high correlation between coal combustion and
sulfur-containing organics (discussed in Main Text 3.3). Additionally, the coal combustion factor
peaked later than CO and NOz around 11:00 AM, which was close to the SOz peak, implying an
origin linked to coal combustion. The biomass burning profile was characterized by high levels of
OC and EC, along with an abundance of K*, NO3-,and CI-, which are key inorganic tracers of
biomass burning activities. The strong correlation between organic tracers (e.g., levoglucosan and
nitrocatechols) and this factor further confirmed its likely origin from biomass burning activities
(discussed in Main Text 3.3). The dust factor was distinguished by a high abundance of crustal
elements, such as Ti, Ca, and Al. Its time series peaked only during three extreme episodes on
March 17, 19, and 28, with PM 1o concentrations of 490, 451, and 666 ug m3, respectively, while



PM s concentrations remained less than 100 pug m3. The low contribution of EC and the
correlation between OA and this factor suggest that this source is primarily crustal dust.

Table S1. Online instrumentation used in this study

Species

Time resolution

Instrument information

BC, and TC, therefore, OC is
calculated as their difference, and
OA is calculated as 1.4 times OC

Trace Metals
(Al, K, Ca, Ti, Mn, Fe, Co, Cu, Zn,
Se, Pb)

Water-soluble ions
(NO3—5 SO42_’ NH4+9 K+9 Mg2+5
Ca’*, Na*, CI)

1-hour

1-hour

1-hour

Carbonaceous Aerosol Speciation
System (TCA-08, Magee Inc. USA)

Online trace metal analyzer (AHMA -
1000, NCS Testing Technology Co.,
Ltd. China)

In-situ Gas and Aerosol Composition
monitoring system (Model S-611,
Fortelice International Co., Ltd. China).
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Figure S1. Q/Qexp as a function of the number of factors in PMF analysis
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Figure S3. Resolved source profiles of PM, s factors obtained from PMF analysis of online components:
(a) secondary inorganics, (b) vehicleemissions, (¢) biomassburning, (d) coal combustion, (¢) dust emission,
and (f) source contribution fraction of each source.
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Figure S4. Diurnal variation of resolved sources and gaseous pollutants: (a) secondary inorganics, (b)
vehicle emissions, (c) biomass burning, (d) coal combustion, (¢) dust emission, and (f) CO and SO,.
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Figure S5. Thermogram for C4;H,0, and C;HOs3, the normalized signals versus desorption temperature
were from January 6, 2024.
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Figure S6. Correlation between OP, (DTT) versus Cu, Fe, Mn and OC during our sampling period.
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Figure S7. Van Krevelen (VK) diagrams for CHO and CHON compounds. Dot sizes are proportional to
the square root of the signal ratios (February 17 vs. January 12) for the corresponding compounds. Grey
dots indicate a signal ratio less than 1, while green (CHO) and blue (CHON) dots indicate a signal ratio
greater than 1.
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Figure S8. The OP,, of ambient samplesand chemical standardsunder ambient atmospheric concentrations.
Ambient samples are represented by circles, while chemical standards are shown as squares. Specifically,
green circles denote ambient samples from our study, and yellow circles indicate values from previous
literature. Red squares represent standard compounds that were positively correlated with OP,,, whereas
purple squares represent those with a negative correlation. Grey triangles represent the OP,,, from transit
metals’. OP,, data determined in other sites is adapted from previousstudies conducted in Athens®, Beijing”
8, Los Angeles’, Nanjing'®, NCP (rural)!!, New Delhi >3, Paris®, Tianjin'4, and Xi’an'’.
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