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Abstract. Sulfates represent a critical constituent of atmospheric fine particulate matter (PM2.5), significantly influencing

air quality and climate dynamics. Precise quantification of atmospheric sulfate formation mechanisms and emission sources

through stable isotope fractionation analysis represents a critical advancement in particulate matter pollution control. Con-

ventional isotopic models relying on idealized complete SO2 oxidation scenarios, while providing preliminary source appor-

tionment estimates, exhibit systematic errors in reaction pathway quantification. Our field-validated approach incorporating5

actual atmospheric oxidation processes demonstrates that transition-metal ions (TMI)-catalyzed and NO2-mediated pathways

dominate sulfate production, with coal combustion (overestimate by 10.8% in summer) and traffic emissions (underestimated

by 8.2% in summer) constituting primary sources. Comparative analysis reveals that traditional complete-oxidation models

disproportionately diminish TMI pathway contributions, highlighting the necessity of kinetic fractionation corrections. These

findings establish an improved isotopic tracing framework that resolves longstanding calculation discrepancies, delivering10

essential constraints for atmospheric sulfur cycle modeling and emission regulation strategies.

1 Introduction

Sulfate aerosols constitute a critical fraction of atmospheric particulate matter, with their formation mechanisms representing

a pivotal yet unresolved aspect of air pollution control. The oxidation processes of sulfur dioxide (SO2) exhibit remarkable

mechanistic complexity stemming from its dual physicochemical nature(Kang et al., 2016). The exceptionally high hydration15

equilibrium constant drives near-instantaneous formation of S(IV) species (HSO−3 /SO2−
3 ), while the thermodynamically fa-

vorable oxidation potential creates a multidimensional reaction pathways including both homogeneous radical processes and

heterogeneous interfacial reactions. These intrinsic reaction dynamics, when coupled with the extreme spatiotemporal variabil-

ity of atmospheric conditions, create substantial obstacles for mechanistic elucidation under ambient environments. Current

investigative approaches, including controlled laboratory simulations, field measurement, and computational modeling, each20
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face inherent limitations when applied in isolation. Laboratory studies inevitably simplify the unbounded nature of atmo-

spheric systems, while field observations struggle to isolate specific chemical processes amid complex real-world interactions.

Modeling studies, though valuable for hypothesis testing, remain constrained by incomplete mechanistic understanding and

parameterization challenges. This methodological trilemma has resulted in persistent knowledge gaps regarding the dominant

pathways and quantitative contributions of various sulfate formation mechanisms in different atmospheric regimes.25

The application of stable isotope techniques in sulfate source attribution has emerged as a powerful analytical approach,

leveraging the distinct isotopic fingerprints characteristic of different pollution sources and their remarkable stability during

atmospheric transport.2 This methodology capitalizes on the system-specific fractionation patterns inherent to various sulfate

formation pathways, which serve as critical tracers for reconstructing oxidation mechanisms. Contemporary research has quan-

titatively established the sulfur isotopic signatures (δ34S)(Han et al., 2022; Yang et al., 2025) associated with major atmospheric30

oxidation routes, including transition metal ion-catalyzed (TMI, δ34S= a), ozone-mediated (O3, δ34S = b), nitrogen oxide-

driven (NOx,δ34S= c), and hydrogen peroxide-initiated (H2O2, δ34S= d) pathways, through systematic analysis of particulate

matter samples. Advanced mixing models, particularly Bayesian isotopic mixing approaches and Rayleigh fractionation for-

mulations, have demonstrated considerable utility in deconvoluting sulfate sources and formation mechanisms. However, a

fundamental limitation persists in current modeling frameworks that assume complete SO2 oxidation (SOR = 1), an idealized35

condition rarely achieved in actual atmospheric chemistry. This oversimplification of sulfur transformation kinetics introduces

systematic uncertainties in source apportionment, as the partial oxidation intermediates and kinetic isotope effects associated

with incomplete SO2 conversion are not adequately accounted for in conventional Rayleigh-based calculations.

Drawing conceptual inspiration from these insights, the present study pioneers a multi-model analytical framework that

synergistically combines field observations with backward trajectory analysis Bayesian isotope mixing models and process-40

specific Rayleigh fractionation modeling. This integrated approach achieves precision in quantifying sulfate formation path-

ways while systematically addressing the critical but often neglected kinetic limitations inherent to incomplete SO2 oxidation

under real atmospheric conditions. By applying sulfur-oxygen isotope analysis to seasonally resolved aerosol samples from

Nanjing, we demonstrate significant divergence between conventional complete-oxidation Rayleigh models and our kinetic

fractionation-corrected framework. The systematic model intercomparison reveals substantial calibration requirements for sta-45

ble isotope fractionation effects that have persistently biased previous sulfate source attribution studies. This methodological

advancement establishes a new paradigm for urban sulfate pollution tracing particularly in complex emission environments

where incomplete oxidation processes dominate. The seasonally differentiated results for Nanjing provide the observational

evidence quantifying how traditional complete-oxidation assumptions distort source apportionment accuracy in both summer

photochemical and winter coal-combustion dominated regimes.50
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2 Materials and methods

2.1 Sampling Sites

The atmospheric sampling protocol employed a monitoring site (118◦43′E, 32◦12′N) (Fig.S1) capturing seasonal extremes

through January (winter) and July (summer) observations. A modified TH1000H high-volume sampler (Wuhan Tianhong In-

strument) incorporated a dual-layer filtration assembly enabling concurrent PM2.5 and SO2 collection through co-laminated55

quartz (203×254 mm) and alkali-impregnated glass fiber filters (203×254 mm). Pre-treatment protocols involved muffle furnace

combustion (450°C for 2h) followed by immersion in 2% K2CO3 + 2% glycerol solution for glass fiber filters. Sampling oper-

ations maintained 1.05 m3 ·min−1 flow rates during 24-hour cycles (08:00-08:00 local time) with meteorological parameters

(wind speed/direction, temperature, pressure, humidity) continuously logged. Post-sampling handling included foil-wrapping

(pre-combusted 450◦C followed by 24-hour desiccation and dark refrigeration. The final dataset comprised samples after ex-60

cluding precipitation events, with quartz filters positioned upstream for particulate collection and treated glass fiber membranes

downstream for gaseous SO2 capture.

2.2 Sample Collection

The ionic composition analysis of PM2.5 samples was performed using Dionex ICS-3000 and ICS-2000 ion chromatography

systems (Thermo Fisher Scientific) for simultaneous determination of major water-soluble ions. The analytical suite comprised65

five cations (Na+, NH+
4 ,K+,Mg2+,Ca2+) and three anions (Cl−,NO−3 ,SO2−

4 ). The δ34S value of sulfate was determined by

precipitating BaSO4 via BaCl2 addition, followed by selective dissolution of residual BaSO3 with 1 MHCl. After filtration

and washing, the purified BaSO4 was calcined at 1073 K for 2 h before analysis. Isotope ratios were measured using an

elemental analyzer (EA, Flash 2000, Thermo) coupled to an isotope ratio mass spectrometer (IRMS, Delta V Plus, Finnigan).

Meteorological parameters and criteria air pollutant concentrations were acquired from two authoritative national databases70

during the sampling campaign. The China Meteorological Administration Data Service Center(http://data.cma.cn/) provided

comprehensive weather records, while real-time air quality metrics were retrieved from the China National Environmental

Monitoring Centre’s online platform (www.aqistudy.cn/), representing the official monitoring network for atmospheric com-

position surveillance.

2.3 Trajectory Analysis Methodology75

The source apportionment and transport pathways of PM2.5 were investigated using the HYSPLIT 4.0 backward trajectory

model developed by NOAA’s Air Resources Laboratory (ARL). This analysis integrated the FNL meteorological database to

reconstruct air mass movements. For each analysis period, trajectories were initialized at 500 m above ground level with a

72-hour temporal window. Four trajectories per day were computed at 6-hour intervals (00:00, 06:00, 12:00, and 18:00) to

capture diurnal variations in atmospheric transport patterns.80
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2.4 Bayesian Stable Isotope Mixing Model

The source apportionment of sulfate aerosols was conducted through Stable Isotope Analysis in R (SIAR) modeling, a Bayesian

framework that probabilistically quantifies contribution distributions and associated uncertainties from multiple emission

sources by processing ambient δ34S−SO2−
4 measurements(Parnell et al., 2010) alongside source-specific δ34S signatures of

precursor sulfur gases with all environmental samples maintaining consistent natural properties to eliminate cross-data variabil-85

ity particularly seasonal δ34S−SO2−
4 fluctuations where the winter dataset (n=16) and summer dataset (n=15) were separately

processed through SIAR to establish seasonally resolved sulfate source profiles for the Nanjing region.

The SIAR model determines the probability distribution of source contributions to mixtures and uncertainties associated

with multiple sources(Fan et al., 2020a; Zheng et al., 2024; Harris et al., 2012a). In the SIAR framework, the isotopic value j

in species i (Xij) is expressed as:90

Xij =
∑k

k=1 pkqjk(Sjk + Cjk)
∑k

k=1 pkqjk

+ εij (1)

Sjk ∽ N(µjk,ω2
jk) (2)

Cjk = (λjk, τ2
jk) (3)95

εij ∽ (0,σ2
j ) (4)

Where qjk is isotopic value j in source; Sjk is source k for isotopej, normally distributed with mean (µjk) and variance (ω2
jk);

Cjk is isotopic enrichment factor for isotope j in source K, normally distributed with mean (λjk) and variance (τ2
jk); (pk) is

proportion of source k; εij is residual error representing unquantified variation between individual species, normally distributed100

with mean (0) and variance (σ2
j ).

2.5 Relative Contributions of SO2 Oxidation Pathways to Sulfate Aerosols

Four sulfate formation pathways were considered: OH, H2O2/O3, TMI, and NO2 oxidation. Given the similar fractionation

factors of H2O2 and O3(Harris et al., 2012a, b; Lin et al., 2022), we used αH2O2/O3 represent their combined fractionation.

The temperature-independent α34S fractionation factors are calculated as(Lin et al., 2022; Fan et al., 2020b):105

α34SOH(‰) =−(0.004± 0.015)×T +(10.60± 0.73) (5)

α34SH2O2/O3(‰) =−(0.085± 0.004)×T +(16.51± 0.15) (6)
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α34STMI(‰) =−(0.237± 0.004)×T + (−5.039± 0.044) (7)

110

α34SNO2(‰) = exp[(0.2437± 0.0457)/T + (0.0008± 0.019)] (8)

Where T is ambient temperature (◦C). The total α34S fractionation is computed as(Fan et al., 2020b; Sinha, 2013):

α34S = fOH ×α34SOH + fH2O2/O3 ×α34SH2O2/O3 + fTMI ×α34STMI + fNO2 ×α34SNO2 (9)

Where fOH,fH2O2/O3 ,fTMI and fNO2 , denote relative fractions of sulfate production from respective pathways, constrained

by
∑

fx = 1.115

2.6 Sulfur Isotope Fractionation Modeling via Rayleigh Fractionation

Due to the absence of sulfur isotope equilibrium between atmospheric SO2 and SO2−
4 , the Rayleigh Fractionation model can

be applied to calculate the sulfur isotope fractionation effects between them. Within this framework, the δ34S value of residual

atmospheric SO2 (δ34S−SO2) is described by(Lin et al., 2022; Guo et al., 2019):

α34S−SO2 = δ34S−SO2−emission + α34Sg→p× ln(1−SOR) (10)120

where α34Sg→p denotes the fractionation factor for SO2(gaseous)−→SO2−
4 (particles) conversion through gas and aqueous

phases, δ34S−SO2−emission represents the δ34S value of emission sources, and SOR is the SO2 oxidation ratio, which can be

calculated by the molar mass of SO2 and SO2−
4 :

SOR =
m(SO2−

4 )/M(SO2−
4 )

m(SO2)/M(SO2) +m(SO2−
4 )/M(SO2−

4 )
(11)

The source δ34S value can be estimated from isotopic mass balance:125

δ34S−SO2−emssion = δ34S−SO2× (1−SOR) + δ34S−SO2−
4 ×SOR (12)

where δ34S−SO2−
4 is the observed δ34S in sulfate. When SOR approaches 1 (complete SO2 oxidation), δ34S−SO2−emission

equals δ34S−SO2−
4 . The fractionation effects α is derived by combining Equations(10) and (12):

αg→p =
(δ34S−SO2−emssion− δ34S−SO2−

4 )×SOR

(1−SOR)× ln(1−SOR)
(13)

To better understand this formula, we conducted α comparative analysis. The first scenario assumes Incomplete Oxidation130

Process of SO2 (InCO Process) (SOR<1, partial conversion to SO2−
4 ). The second scenario assumes Complete Oxidation

Process of SO2 (CO Process) (SOR=1, complete conversion to SO2−
4 ).
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3 Results and Discussion

Figure 1. Proportion of different air mass periods

The chemical characterization of PM2.5 in Nanjing identified sulfate (SO2−
4 ) as the predominant water-soluble inorganic ion,

comprising 27.9%-42.3% of the total ionic mass fraction, a finding that underscores persistent sulfate-driven aerosol pollu-135

tion in the region. This pattern aligns with observations from other Chinese urban centers including Hangzhou (33.7%)(Lin

et al., 2022), Guangzhou (40.2%-61.0%)(Tao et al., 2014b), and Beijing (33.0%)(Wei et al., 2018),collectively highlighting the

prevalence of sulfate-rich PM2.5 across China. Pollution episodes were categorized by PM2.5 concentrations into clean (≤35

µg m−3), moderate (35-75 µg m−3), heavy (75-150 µg m−3), and haze (>150 µg m−3) periods, with haze frequency (20%,

Fig.1) doubling that of clean periods (10%). Sulfate concentrations exhibited pronounced pollution-dependence, peaking at140

27.55±14.36 µg m−3) during haze events 3.2 times higher than clean-phase levels (8.56±3.19 µg m−3).
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Figure 2. Time series of concentrations (values) of (a) PM2.5 and ions, (b) SO2
4and δ34−SO2−

4 ,δ18O−SO2−
4 (c) SO2 and SOR, and (d)

ambient temperature(T) and RH.
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NH+
4 and NO−3 jointly accounted for 50.1%-57.9% of water-soluble ions (Fig.2a), while their strong covariation with SO2−

4

(Fig.2a,b) substantiates secondary sulfate formation as the principal PM2.5 component and implicates combustion-derived

emissions as its dominant source. The significant positive correlation between SO2−
4 and PM2.5 concentrations (Fig.S3) fur-

ther establishes sulfate’s direct mechanistic role in particulate pollution escalation. The atmospheric source apportionment145

can be quantitatively assessed through the [NO−3 ]/[SO2−
4 ] mass ratio, where elevated values reflect increasing dominance of

mobile versus stationary emission sources(Xiao et al., 2014; Arimoto et al., 1996).Our measurements yielded ratios span-

ning 0.15-1.95 (mean 0.98±0.42), exceeding Shanghai’s 2002 baseline (0.43)(Yao et al., 2002) yet remaining below Jiaozuo’s

2017 levels (1.36)(Zheng et al., 2024), collectively demonstrating Nanjing’s intermediate position in mobile-source contribu-

tion among Chinese cities. These secondary aerosols originate through atmospheric oxidation of precursor gases, with SO2150

and NOX principally derived from coal combustion and vehicular emissions respectively, while NH3 predominantly stems

from agricultural and livestock activities(Tao et al., 2014a). The strong inter-species correlations (Fig.S2a,S2b) confirm the

co-formation of (NH4)2SO4 and NH4NO3 through gas-to-particle conversion processes. The distinct sulfur and oxygen iso-

topic signatures (Fig.2b) observed across pollution periods unequivocally demonstrate temporal variations in sulfate formation

pathways, necessitating mechanistic modeling to quantify the contribution ratios of specific reaction routes. Crucially, the per-155

sistent incomplete oxidation of sulfur dioxide to sulfate under all pollution conditions (Fig.2c) underscores the imperative for

oxidation-process-constrained model optimization to elucidate the authentic atmospheric sulfate formation mechanisms.
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Cluster1(54.55%)
δ34S=2.88±0.73‰

SO4
2-=19.81±5.61ug/m3

Cluster3(13.64%)
δ34S=4.55±0.25‰

SO4
2-=16.98±5.29ug/m3

Cluster2(13.64%)
δ34S=2.7±0.93‰

SO4
2-=7.34±2.35ug/m3
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Figure 3. Pie charts of relative abundances of ions to TWSIIs and the δ34S−SO2−
4 values in Nanjing for the different air clusters. The

concentrations of TWSIIs and the δ34S−SO2−
4 values are shown in the parentheses.(a:winter b:summer)}
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The oxygen isotopic composition of atmospheric sulfate serves as a reliable indicator of oxidation pathways, with sulfate

in PM2.5 predominantly originating from SO2 oxidation, consistent with established atmospheric chemistry. The δ34S−SO2−
4

values (+1.7‰ to +6.3‰) of Nanjing sulfate aerosols, indicating coal combustion (+4.6‰ to +6.6‰) as the dominant source,160

thereby reflecting a greater coal-derived contribution relative to other Chinese regions. Cluster analysis of air mass trajec-

tories reveals distinct seasonal patterns. During summer (Fig.3b), trajectories originating locally (54.55%), southwest China

(13.64%), southeast China (18.18%), and the eastern Yellow Sea (13.64%) exhibit higher SO2−
4 concentrations locally (19.81±

5.61 µg m−3) versus southwest (7.34± 2.35 µg m−3), southeast (15.6± 4.31 µg m−3), and Yellow Sea (16.98± 5.29 µg m−3)

sources, while δ34S−SO2−
4 values show an inverse trend with lower values locally (2.88 ± 0.73‰) and in the southwest (2.70165

± 0.93‰) compared to southeast (3.33 ± 0.9‰) and Yellow Sea regions (4.55 ± 0.25‰), suggesting heterogeneous sources

and formation mechanisms. Winter measurements (Fig.3a) display significant sulfate concentration disparities across back tra-

jectories of air mass (e.g., Cluster 1: 23.84 ± 15.28 µg m−3; Cluster 3: 7.34 µg m−3) but statistically invariant δ34S−SO2−
4

values (Cluster 1: 4.77 ± 0.99‰; Cluster 3: 5.04 ± 0.46‰); Northeastern Province( 5.48 ± 0.29‰), with both concentra-

tion and δ34S elevated versus summer, attributable to long-range transport of primary sulfates and coal-combustion emissions170

enriched in heavy isotopes. The significant negative correlation (Fig.2b,2d) between δ34S and temperature arises as higher

temperatures promote OH-mediated uniform oxidation, facilitating isotopic equilibrium fractionation during HSO−3 /SO2−
4 ex-

change, which favors light-sulfur-isotope incorporation into sulfate and lowers summer δ34S(Han et al., 2016; Novák et al.,

2001).Thus, secondary sulfate formation pathways and source variations primarily drive the observed winter-high/summer-low

δ34S pattern in PM2.5, underscoring the mechanistic study’s critical role in sulfate pollution control.175

Figure 4. (ab) Rayleigh fractionation models for secondary SO2−
4 formation in different seasons. (cdef) Relative contributions of primary,

OH, TMI,NO2, and H2O2/O3 pathways to secondary SO2−
4 generation across different seasons. (cd) represents the fractionation effects

under InCO Process; (ef) represents the fractionation effects under CO Process.
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The atmospheric sulfate formation pathways exhibit distinct sulfur isotope fractionation signatures, as demonstrated by

theoretical calculations of δ34S−SO2−
4 evolution under different oxidation mechanisms (Text.S2). Complete oxidation of SO2

via H2O2/O3 pathways would drive δ34S−SO2−
4 depletion from 15.3‰ to 2.6‰ (Fig.4a), while OH-mediated oxidation

would produce isotopic depletion from 11.8‰ to 3.4‰ (Fig.4a), both scenarios reflecting progressive sulfur oxidation (SOR

0 to 1). Conversely, exclusive S(IV) + O2(TMI) pathway participation would generate δ34S−SO2−
4 enrichment from -6.4‰180

to -1.0‰ (Fig.4a). These differential fractionation patterns confirm the coexistence of multiple sulfate production routes in the

atmosphere, with all observed δ34S−SO2−
4 values falling within the predicted theoretical ranges.

Figure 5. Linear regression between fractionation factor α1 (InCO Process) and fractionation factor α2 (CO Process). (The red line represents

y = x [1:1 line], and the green line represents the fitted regression line between them.)

The isotopic fractionation factor α for sulfur isotopes was derived via Rayleigh fractionation models applied to δ34S−SO2−emission

calculations based on atmospheric δ34S−SO2−
4 and SOR, with synchronous field measurements (InCO Process) of δ34S−SO2

averaging 1.7 ± 1.2‰ (range: -1.80 to +4.05‰) yielding α = 2.0± 1.8‰ (range: -1.2 to +6.7‰) (Fig.5b) per designated for-185

mula. Under complete oxidation (CO Process) (SOR=1), δ34S−SO2−
4 demonstrated a significant negative correlation with SO

(δ34S−SO2−
4 = -3.16SOR + 5.03; r = -0.36, p ≤ 0.05) (Fig.S4)), resulting in δ34S−SO2−emission of 1.8‰ at full conversion,

which exceeds values from Shanghai (1.3‰)(Li et al., 2020), Hangzhou (1.5‰)(Lin et al., 2022), and Jiaozuo (1.7‰)(Zheng

et al., 2024) and represents the pre-transformation source signature. An alternative α calculation (formula 9) generated a

mean of 2.8 ± 1.7‰ (range: -0.2 to +6.1‰), higher than Guangzhou (<1.5‰)(Fan et al., 2020c) but lower than Beijing (4.2190

± 1.2‰)(Mang et al., 2018) with elevated α in central China attributable to temperature-dependent fractionation increases
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(Fig.S5). The discrepancies arose from oxidation-rate variations under full-oxidation assumptions that alter pathway quantifi-

cation.

Quantitative pathway apportionment of sulfate formation was achieved through systematic evaluation of reaction-specific α

values derived for each SO2 oxidation mechanism. The results demonstrate that TMI-catalyzed and NO2-mediated oxidation195

pathways collectively dominate atmospheric sulfate production across all considered oxidation scenarios. Notably, complete-

oxidation assumptions systematically underestimate the TMI pathway contribution compared to partial-oxidation models, as

revealed by isotopic mass balance calculations. This systematic bias originates from neglecting kinetic fractionation effects

during intermediate oxidation stages, particularly under high aerosol acidity conditions where TMI chemistry prevails. The

persistent dominance of these two pathways persists despite varying meteorological conditions and emission profiles, suggest-200

ing their fundamental role in sulfur cycling.

Figure 6. (a) Seasonal variations of source apportionments to sulfate aerosols in Nanjing. (b) Source apportionments of sulfate aerosols in

Nanjing resolved by the SIAR model with consideration of fractionation effects under InCO Process and CO Process.

Quantitative source apportionment of atmospheric sulfate was achieved through coupled δ34S−SO2−
4 measurements and

Bayesian isotopic mixing models, requiring emission source-specific δ34S signatures as critical input parameters. Correc-

tion for sulfur isotopic fractionation during SO2−to−SO2−
4 conversion is essential, as this process enriches δ34S values by

1.2–7.2‰(Lin et al., 2022), necessitating subtraction of pathway-specific fractionation coefficients prior to source quantifica-205

tion. Neglecting fractionation effects distorts source contributions, yielding winter estimates of 41.5% (coal), 5.2% (oil), 20.1%

(biomass), and 33.3% (vehicle), alongside summer values of 68.9%, 3.6%, 9.5%, and 18.0% (Fig.6a) respectively-results that

inaccurately emphasize traffic emissions contrary to regional emission inventories and chemical transport modeling. Incor-

porating fractionation factors resolves this discrepancy, aligning sulfate sources with inventory data where coal combustion

dominates annually, while idealized complete-oxidation models underestimate summer vehicle contributions by 8.2% and210
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overestimate coal combustion proportions (about 10.8%) by comparable margins despite minimal winter deviations. This sys-

tematic validation underscores the requirement for fractionation correction in isotope-based atmospheric sulfate sourcing.

4 Conclusions

This study establishes a paradigm shift in atmospheric sulfate source apportionment by advancing beyond conventional isotopic215

models constrained by idealized SO2 oxidation assumptions. Through the integration of field-observed oxidation kinetics with

optimized isotopic fractionation corrections, we demonstrate the predominance of TMI-catalyzed and NO2-mediated pathways

in sulfate formation, with coal combustion (summer overestimation: 10.8%) and traffic emissions (summer underestimation:

8.2%) (Fig.6b) identified as dominant sources. Crucially, comparative model analysis reveals systematic biases in traditional

complete-oxidation frameworks, which disproportionately diminish TMI pathway contributions while misallocating source-220

specific burdens. These methodological refinements enhancing the precision of stable isotope tracing techniques relative error

margin, and reconciling long-standing discrepancies between isotopic, inventory-based, and transport-modeling approaches in

particulate matter source attribution. The validated framework provides actionable scientific basis for targeted emission control

strategies, particularly in addressing combustion-related sulfate precursors across seasonal variations.

Code availability. Data used in this study are available upon request to the corresponding author.225

Data availability. The data underlying the findings of this study are available from the corresponding author upon reasonable request.
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