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PM2.5 poses significant public health risks, with its sources and composition exhibiting pronounced spatial heterogeneity. While extensive research has focused on heavily polluted regions in northern China, the pollution structure of Jiangxi Province remains understudied. This study investigates the chemical composition and source apportionment of PM2.5 during a severe regional haze episode (25 December 2023–20 January 2024) across six cities in Jiangxi Province: Nanchang, Jiujiang, Pingxiang, Ji’an, Xinyu. Observed PM2.5 concentrations ranged from 44.1 to 76.6 μg/m3, dominated by water-soluble ions, organic matter (OM), and carbonaceous aerosols. Spatial analysis revealed a pollution hotspot centered on Nanchang and Jiujiang, characterized by distinct gradients in SNA (SO42−, NO3−, NH4+) and OM. Based on local emission patterns and topographic features and the component concentration differences of PM2.5, we speculate that there are three regional patterns: (1) Northern cities, characterized by high loadings of NO3− (industrial), OM (VOCs-derived), and SO42− (promoted by lake air masses with high humidity); (2) Central cities, dominated by local agricultural NH4+ and conversion from industrial gaseous sources precursors enhanced by local photochemistry; (3) Southern Jiangxi, where vehicular NOx-to-NO3− conversion predominated, exacerbated by topographic stagnation from the Nanling Mountains. Positive Matrix Factorization (PMF) resolved city-specific sources: secondary formation and combustion in Nanchang; industrial and vehicular emissions in Jiujiang; agricultural NH4+ and traffic in Pingxiang; mixed industrial-traffic sources in Ji’an; and vehicle-derived NO3− with dust in Ganzhou. These findings underscore spatiotemporal heterogeneity in energy structures and regional transport pathways, providing a scientific basis for region-specific PM2.5 control strategies in Jiangxi Province, China.
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1 INTRODUCTION
The environmental and public health impacts of fine particulate matter (PM2.5) are unequivocally established (Leibensperger et al., 2012). As a critical component of atmospheric aerosols, PM2.5 disrupts radiative balance through scattering and absorbing solar radiation (e.g., black carbon absorption and sulfate (SO42−) scattering) and alters regional precipitation patterns by acting as cloud condensation nuclei (Baker and Peter, 2008; Myhre et al., 2013; Kanakidou et al., 2005). The health hazards of PM2.5 merit heightened attention, as its ultrafine particulate matter (aerodynamic diameter ≤2.5 μm) can translocate across the alveolar-capillary barrier into systemic circulation. This process triggers pathological cascades characterized by oxidative stress and chronic inflammation, which are recognized as primary contributors to cardiovascular and respiratory mortality (Pope et al., 2006; Wang et al., 2024). Epidemiological studies confirm a significant dose-response relationship between long-term exposure and cardiopulmonary mortality (Hao et al., 2017; Lu et al., 2015; Ali et al., 2023). China’s severe PM2.5 pollution exemplifies this crisis. In 2013, annual concentrations in the Beijing-Tianjin-Hebei and Yangtze River Delta regions reached 47–106 μg/m3 in 2013 (Ministry of Ecology and Environment of China, 2014) (Zheng et al., 2018; Ma et al., 2019), exceeding the WHO guideline (10 μg/m3) by 4–10 time. Understanding its spatiotemporal variability is thus critical for optimizing mitigation strategies.
The complex chemical composition of PM2.5 complicates environmental impact assessments, as it includes water-soluble inorganic ions (such as SO42−, NO3−, and ammonium (NH4+)), carbonaceous fractions (organic and elemental carbon), and trace metals. These components originate from both direct emissions (e.g., industrial combustion, dust, biomass burning) and secondary formation processes (such as the gas-to-particle conversion of SO2, NOx, NH3, and others) (Wang et al., 2015; Jeon et al., 2024). Water-soluble inorganic ions typically account for over 50% of PM2.5 mass, with formation processes (e.g., SO42− aqueous-phase oxidation and Nitrate (NO3−) gas-particle partitioning) closely linked to regional pollution patterns and meteorological conditions (Wang et al., 2006).
Jiangxi Province is a transitional zone between China’s Yangtze River Delta and Pearl River Delta economic hubs, whose air quality combined with geographical barrier effect and regional transmission vulnerability. It presents a basin pattern: surrounded by three mountains and open in north. Jiulian and Wuyi mountains in the south combined with Luoxiao mountains in the west form the natural barrier, the Poyang Lake Plain whereas become the open channel for trans-regional pollution transporting. The special terrain characteristic caused double-effects: during northerly wind prevails in winter, for one part, pollutants from the urban agglomeration in the middle reaches of the Yangtze River are discharged along the Poyang Lake Plain to Jiangxi Province; for another part, the interior of the basin is prone to form atmospheric stagnation zones, superimposed with local valley wind circulation (such as the diurnal wind direction reversal in the Jitai Basin), which significantly inhibits the efficiency of pollution diffusion. Meanwhile, the mixed emission landscape in Jiangxi Province further exacerbates the complexity of pollution: the northern riverside area is home to heavy industrial clusters such as Jiujiang Petrochemical (sources of secondary aerosol precursor emissions), the Pingxiang-Yichun coal mining area in the west contributes primary PM2.5 particulate matter related to coal burning, while agricultural ammonia emissions in the Poyang Lake Basin promote the formation of nitrate aerosols (Huang et al., 2025).
Since 25 December 2023, large-scale haze events have swept across regions including Northeast, North, Central, and East China, forming a nearly nationwide pollution structure (Yin et al., 2025; Peng et al., 2025). As a critical hub for north-south pollution transport, Jiangxi Province not only receives long-range inputs of pollutants from the Beijing-Tianjin-Hebei region and the Yangtze River Delta but also exports locally generated industrial-agricultural composite pollutants via the Poyang Lake Plain. By establishing a multi-parameter monitoring network across six representative cities in the province, this study analyzed the spatial distribution characteristics of PM2.5 water-soluble ions and carbonaceous components. Using PMF source apportionment coupled with backward trajectory analysis, the research further compared source variations and underlying mechanisms between polluted and non-polluted periods. The findings revealed a “superposition of external inputs and localized intensification” dual-effect mechanism, providing a data-driven foundation for designing coordinated “regional joint prevention and dynamic regulation” strategies for urban clusters in the middle reaches of the Yangtze River.
2 MATERIALS AND METHODS
2.1 Ambient samples
In this study, ambient PM2.5 samples were continuously collected at national air quality monitoring stations across six cities in Jiangxi Province (Nanchang, Jiujiang, Pingxiang, Xinyu, Ji’an, and Ganzhou) (Figure 1). The geographic coordinates and surrounding site characteristics are detailed in Table 1. Automatic aerosol sampling and analysis systems (model specifications listed in Table 2) were deployed synchronously at all sites from 25 December 2023, to 20 January 2024, operating on 24-h integrated cycles with programmable flow control. Each system was operated under identical quality-control protocols to ensure data stability and comparability. Quartz fiber filters were employed in parallel with polytetrafluoroethylene (PTFE) membrane filters: the former for subsequent thermal analysis to determine carbonaceous (OC/EC) content, and the latter for gravimetric and ion-chromatographic analysis of inorganic species. This dual-filter strategy enabled accurate quantification of both carbonaceous and water-soluble inorganic components in PM2.5.
[image: Figure 1]FIGURE 1 | Location of Sampling sites.
TABLE 1 | Sampling points in Jiangxi province.
[image: Table 1]TABLE 2 | Analytical instruments.
[image: Table 2]2.2 Chemical analysis
Water-soluble inorganic ions in PM2.5 (NO3−, SO42−, Cl−, F−, etc.) were quantified by ion chromatography (Thermo Fisher URG9000D, etc.), while elemental concentrations (Zr, Al, Sr, Mg, Ti, Ca, Fe, Ba and Si) were determined using an inductively coupled plasma optical emission spectrometer (EHM-X200; Jiangsu Tianrui, China).
The quality control measures during the sampling process include: 1) Before sampling, the flow rate of the sampling device must be calibrated to ensure that the device operates in a stable and normal condition throughout the sampling process, with regular flow checks; 2) During sampling, it is essential to ensure that the filter membrane is intact, without damage, impurities, or contamination, to avoid external factors affecting the representativeness of the sample; 3) Each filter membrane is weighed three times before and after sampling to ensure that the weighing error is within 50 µg.
2.3 Positive matrix factorization (PMF) analysis
To determine the sources of ambient PM2.5 of the six cities of Jiangxi province during the sampling period, we employed the PMF (Paatero et al., 2014) 5.0 method to conduct a quantitative analysis to analyze the chemical components contained in ambient PM2.5, and obtained the contribution values and contribution rates of primary and secondary source categories to the receptor’s air pollutants. To determine the optimal number of factors, we conducted a sensitivity analysis and compared the QRobust and QTrue values of the model under different numbers of factors. The results show that as the number of factors increases, both indicators decrease, indicating improved model fitting accuracy. For example, when extracting five, six, and seven factors, QRobust values are approximately 114, 58, and 7.3, respectively, and QTrue values are approximately 168, 111, and 7.3, respectively. Although extracting seven factors minimized the Q value, we selected six factors based on the following: (1) the known structure of pollution sources in Jiangxi Province, (2) the physical interpretability of each factor, and (3) support from previous studies (Huang et al., 2023). We selected six factors for the PMF analysis to balance model performance and interpretability. The model employs a bilinear non-negative matrix factorization (NMF) method, decomposing the observed data matrix X (dimensions: n × m, containing chemical component concentrations such as SO42−, NO3−, and OC, in μg/m3) through iterative optimization of the objective function, Equation 1.
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Where, [image: image] represents the mass concentration of the jth species measured in the ith sample, p represents the number of factors contributing to the sample, [image: image] represents the mass concentration of the k factor contributing to the ith sample, [image: image] represents the mass percentage of the jth species in the k factors, [image: image] is the residual concentration of the jth species in the ith sample. Prior to modeling, rigorous quality control was applied to raw data: components with missing rate>20% were excluded, concentrations below detection limits were substituted with half the detection limit, and Cook’s D test was performed to identify outlier samples. The optimal factor number (p) was determined by comparing convergence behavior of Q values, Q/Q_exp ratios (theoretical Q expectation), and residual distribution characteristics (requiring >90% component residuals within ±3σ) across p = 3–7, combined with chemical tracer matching in factor profiles (e.g., SOR >0.1 for secondary sources, K+/OC ≈ 0.03 for biomass burning). Factor contribution stability was assessed through 100 Bootstrap resampling iterations, while solution robustness was verified via permutation tests with ±15% random perturbations of initial values. This framework ultimately quantified source contribution rates to PM2.5 and their compositional profiles across cities, with error margins of ±1.5%–3.8%. The calculation formulas are as follows: Equations 2, 3.
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Where, [image: image] Represents the uncertainty of the concentration of the jth species in the ith sample. EF (Error Fraction) is the error coefficient selected based on the user’s experience. In this study, EF is 10%, and MDL is the minimum detection limit for the concentration of chemical composition species.
2.4 Backward trajectory analysis
Backward trajectory analysis traces the paths of air parcels backward in time from a specific location, providing information about the origins of air masses, which serves as a valuable tool for refining air pollution source analysis. Combined with the cluster analysis conducted in this study, it enables the grouping of similar air mass types based on their origins. For this analysis, the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model developed by the National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory (ARL) was utilized. This study is based on GDAS meteorological data (with a resolution of 1°), generating a 72-h backward trajectory dataset hour by hour at a height of 30 m above the ground (AGL). The primary rationale for choosing 30 m above ground level (AGL) is the alignment between the sampling height and the priority of local pollution analysis. The sampling inlet of the monitoring instrument is positioned at approximately 30 m AGL, and the trajectory’s starting height is physically consistent with the sampling point. This alignment maximizes the representation of near-surface air mass movement directly influencing the monitoring data. By comparing trajectory simulations at 100 and 500 m, we found that trajectories at these higher altitudes are more influenced by long-distance transport (Supplementary Figures S1, S2), though their contribution to local pollution is relatively minor. In contrast, while the 30-m trajectory exhibits stability limitations due to surface friction, it effectively captures local pollution events, such as vehicle emissions during rush hours and short-distance diffusion in industrial parks. These results indicate that low-altitude trajectories are more suitable for analyzing pollution transport mechanisms at the local scale. The meteorological data required to run the HYSPLIT model during the 2023.12–2024.01 period was obtained from NOAA’s official website (https://www.ready.noaa.gov/archives.php) (Anwar et al., 2024).
3 RESULTS
3.1 Chemical composition and characteristics of PM2.5
3.1.1 Ambient PM2.5 concentration in six cities
As illustrated in Figure 2, significant regional disparities in PM2.5 concentrations were observed between urban and background monitoring stations across six cities in Jiangxi Province during the sampling period (25 December 2023–20 January 2024). Urban stations revealed a clear pollution gradient: Nanchang exhibited the highest average PM2.5 concentration (93.0 ± 59.7 μg/m3), followed by Jiujiang (76.6 ± 49.1 μg/m3) and Pingxiang (70.3 ± 35.1 μg/m3), while Xinyu (61.2 ± 30.9 μg/m3), Ji’an (57.6 ± 27.8 μg/m3), and Ganzhou (44.1 ± 19.0 μg/m3) showed progressively lower levels. This spatial pattern correlated with exceedance frequency—Nanchang, Jiujiang, and Pingxiang surpassed the 75 μg/m3 threshold for over 10 days, compared to 6–7 days in Ji’an and Xinyu, and merely 1 day in Ganzhou (Guo and Shen, 2019; Wang et al., 2021). Notably, three synchronized pollution episodes (EP1: 25 Dec 2023–2 Jan 2024; EP2: January 6–10; EP3: January 14–18) affected all cities, yet with stark intensity contrasts. During EP1, Nanchang recorded an extreme daily concentration of 262.4 μg/m3 (December 30), whereas Ganzhou’s urban station peaked at only 89.3 μg/m3 in EP3 (January 16). Intriguingly, background stations (Supplementary Figure S3) generally reported lower PM2.5 than urban sites, except in Ganzhou where background levels exceeded 75 μg/m3 from 29 Dec 2023 to 1 Jan 2024—a period when its urban station remained below the threshold. This anomaly suggests localized pollution sources may impact rural areas more severely than the city itself.
[image: Figure 2]FIGURE 2 | The variation of daily PM2.5 mass concentrations in different cities during the sampling period.
The combined evidence highlights a dual disparity: cities like Nanchang faced persistent urban pollution, while ostensibly cleaner regions like Ganzhou experienced acute rural contamination during specific episodes. Such contrasts underscore the need for geographically differentiated control strategies targeting both urban emissions and transboundary rural pollution sources.
The analysis revealed significant spatial heterogeneity in the mass concentrations of PM2.5 chemical components across the studied cities (Figure 3). Organic matter (OM) exhibited the largest variability in mass contribution (12.7–42.4 μg/m3), with Nanchang (42.4 μg/m3) showing 3.34-fold higher OM levels than Jiujiang (12.7 μg/m3). Elemental carbon (EC) contributions remained relatively stable (3–6 μg/m3), yet Nanchang recorded the highest EC proportion (5.8 μg/m3). SO42− concentrations ranged from 6.36 μg/m3 (Nanchang) to 18.4 μg/m3 (Ganzhou). NO3− showed extreme variations, with Jiujiang reaching the highest concentration (44.7 μg/m3). Ionic species in PM2.5 such as NO3−, SO42−, and NH4+, are formed through the atmospheric transformation of precursors (nitric acid, SO2, and NH3) (Jeon et al., 2024). Since these ionic species account for the majority of the total PM2.5 mass across the studied cities, it can be inferred that secondary formation processes are the primary cause of elevated PM2.5 levels (Jeong et al., 2024). However, further validation is required by integrating local energy structures and industrial emission profiles.
[image: Figure 3]FIGURE 3 | Breakdown of chemical species for ambient PM2.5 during sampling period.
3.1.2 Water-soluble ionic species
Among the chemical constituents of PM2.5 collected from six cities in Jiangxi Province, SO42−, NH4+ and NO3− are the dominant water-soluble ions (Supplementary Figure S4). In Ji’an City, the mass concentration percentages of SO42− and NO3− relative to the total water-soluble ions were 32.1% and 59.5%, respectively, significantly higher than in other cities. These secondary ions are primarily formed from gaseous precursors (SO2, nitrogen oxides (NOx), NH3) through photochemical oxidation, aqueous-phase reactions, and heterogeneous processes (Tu et al., 2022). NH3 emissions are closely linked to agricultural activities and industrial sources. Other water-soluble ions, such as chloride (Cl−) and potassium (K+), accounted for minor proportions of PM2.5, reflecting limited contributions, though their spatial distribution might indicate localized influences from biomass burning or dust resuspension (Deng et al., 2016). Moreover, the ratio of SO42−/NO3− indicated the contribution source of ambient PM2.5. Additionally, the results showed that Pingxiang exhibited a high SO42−/NO3− ratio of 6.91 (Table 3), indicating a dominant contribution from stationary sources (e.g., coal combustion or heavy industry) (Huang et al., 2012). The other five cities showed lower ratios (e.g., 0.31 in Nanchang City), which may suggest a predominance of mobile sources (e.g., vehicle emissions).
TABLE 3 | The ratio of SO42−/NO3− among six cities.
[image: Table 3]Supplementary Figure S5 illustrates the secondary transformation processes of gaseous pollutants in five Jiangxi Province cities (Nanchang, Jiujiang, Ji’an, Xinyu, and Ganzhou) using sulfur oxidation ratio (SOR = n-SO42−/(n-SO42− + n-SO2)) and nitrogen oxidation ratio (NOR = n-NO3-/(n-NO3− + n-NO2)) (Truex et al., 1980; Pierson et al., 1979). All cities exhibited SOR (0.14–0.31) and NOR (0.13–0.29) values exceeding the classical threshold of 0.1 (Huang et al., 2016; Wang et al., 2005), indicating significant secondary conversion of SO2 and NO2 into ionic species. Notably, Jiujiang and Ganzhou demonstrated the most prominent oxidation activity, with SOR values both reaching 0.31 and NOR values peaking at 0.29 (Jiujiang) and 0.22 (Ganzhou), suggesting intensified atmospheric oxidation capacity in these regions. In contrast, Nanchang showed moderate sulfur oxidation (SOR = 0.14) and the lowest NOR (0.13), approaching the lower threshold limit. These spatial disparities highlight province-wide secondary conversion of gaseous precursors, while the elevated SOR/NOR in Jiujiang and Ganzhou likely reflects stronger photochemical reactions driven by localized factors such as industrial emissions and meteorological conditions, which may dominate fine particulate matter formation in these areas.
Supplementary Figure S6 demonstrates pronounced spatial heterogeneity in PM2.5 water-soluble ion compositions across cities in Jiangxi Province, reflecting regional differences in pollution mechanisms. All cities exhibit strong correlations between NH4+ and NO3− (R > 0.9), suggesting their coexistence as ammonium nitrate (NH4NO3). This observation likely aligns with the thermodynamic formation conditions of NH4NO3, where mobile-source NOx and multi-source NH3 emissions (industrial, biomass burning, or agricultural volatilization) coexist, enabling sufficient atmospheric NH3 to neutralize HNO3 and form NH4NO3 (Deng et al., 2016; Wei et al., 2023). For Xinyu and Ganzhou, the robust NH4+- SO42− correlations (R > 0.85) highlight the tendency of these ions to combine as ammonium sulfate ((NH4)2SO4) (Huang et al., 2012; Zhang et al., 2011). Such secondary inorganic aerosols typically form under NH3-rich ambient (from industrial or agricultural emissions), where NH3 neutralizes sulfuric acid derived from SO2 oxidation-a process closely linked to coal combustion and industrial sulfur emissions (Li et al., 2013; Zhao et al., 2011). In Pingxiang, the high correlation between Na+ and Ca2+ (R = 0.88) indicates synchronized variations of crustal elements, consistent with dust sources (e.g., construction dust or soil resuspension) (Tu et al., 2022). Meanwhile, Ji’an’s strong Na+-Mg2+ correlation (R = 0.98) likely reflects similar contributions from soil and dust (Tu et al., 2022).
3.1.3 Carbonaceous aerosols
Carbonaceous aerosols in PM2.5, including elemental carbon (EC, from incomplete combustion) and organic carbon (OC, from oxidized organic compounds) (Huang et al., 2012; Zhang et al., 2011), were analyzed across six cities in Jiangxi Province (Supplementary Tables S1–S6). OC concentrations (μg/m3) ranked as Nanchang (10.78) > Ji’an (9.41) > Pingxiang (9.35) > Xinyu (7.05) > Ganzhou (7.02) > Jiujiang (5.34), while EC levels were highest in Nanchang (2.38) and lowest in Jiujiang (1.46). OC accounted for 9%–19% of PM2.5 (peaking in Ji’an), whereas EC contributed ≤5%, indicating OC’s dominance. Elevated OC/PM2.5 ratios in Nanchang and Ji’an suggest stronger biomass burning or secondary organic aerosol impacts, contrasting with lower ratios in Jiujiang and Xinyu, likely linked to non-combustion sources or atmospheric dispersion (Huang et al., 2012; Zhang et al., 2011).
3.2 PMF source analysis
A source apportionment study of PM2.5 in six cities of Jiangxi Province using the PMF model revealed significant spatial heterogeneity in pollution source contributions (Figure 4; Supplementary Figure S7), particularly in secondary formation sources, coal/biomass combustion, industrial and vehicle emissions. Nanchang exhibited the highest contribution from secondary formation sources (56.7%), far exceeding other cities (Jiujiang: 37.7%, Pingxiang: 18.5%, Xinyu: 47.1%), driven by intensive industrial emissions of SO2/NOx and agricultural NH3 (Park et al., 2022). Combustion showed a north-south divergence: northern cities like Nanchang (17.4%) and Jiujiang (30.7%) had higher coal-related contributions, while central cities (Pingxiang, Xinyu) displayed mixed combustion sources (biomass and coal combustion). Pingxiang’s combustion profile, characterized by elevated arsenic (As) concentrations (Ji et al., 2019; Zhu et al., 2016; Ryoo et al., 2024), indicated coal and industrial co-pollution (Hsu et al., 2016; Duan et al., 2012).
[image: Figure 4]FIGURE 4 | Multi-city PM2.5 source appointment analysis comparison derived from PMF analysis.
Industrial sources varied regionally: Pingxiang (31%) and Xinyu (22.7%) showed the highest contributions, with Pingxiang linked to Cu/Cd/Ba and Xinyu to Fe/Ti/Ba. In contrast, Nanchang had the lower industrial contribution (3.6%), reflecting industrial restructuring. OC/EC loadings combined with Zn/Mn elements highlighted diesel vehicle exhaust and road dust resuspension (Cui et al., 2016; Martin et al., 2022). Vehicle emissions followed a “South-high, North-low” pattern, as key contributors of Ganzhou (42.3%), Pingxiang (37.4%), and Ji’an (21.7%). Ji’an dust contribution (14.9%) was linked to local hilly terrain and soil resuspension, both distinct from Gannan’s geographical drivers (Huang et al., 2014; Song et al., 2007; Chen et al., 2016; Liu et al., 2018).
In summary, the PM2.5 pollution in six cities of Jiangxi Province is influenced by secondary formation, yet exhibits significant regional heterogeneity: Northern cities are dominated by secondary pollution (driven by secondary formation and combustion emissions), central regions show secondary production and vehicle stacked emissions, while southern areas feature prominent contributions from vehicle emissions and secondary formation. These spatial disparities stem from variations in industrial structure, energy consumption patterns, and geographical conditions, necessitating region-specific joint prevention and control strategies.
4 DISCUSSION
4.1 Comparative analysis the differences of components between polluted and non-polluted time
Figure 5 demonstrated the differences in PM2.5 concentrations and regional distribution characteristics between polluted periods (EP1, EP2, EP3) and non-polluted periods (No-EP) for six major cities in Jiangxi Province. Overall, PM2.5 concentrations during polluted period are significantly higher than those in non-polluted periods across all cities. Notably, Nanchang and Jiujiang exhibit the most prominent pollution peaks: the median PM2.5 concentration during EP1 exceeds 100 μg/m3, with extreme values in Nanchang even surpassing the 250 μg/m3 threshold—equivalent to 3.3 times the national daily air quality standard. Ji’an and Ganzhou show slightly lower median concentrations during EP1 (slightly lower than 100 μg/m3), revealed potential risks of short-term extreme pollution. In Pingxiang and Xinyu, the median concentration during EP3 marginally exceeds 75 μg/m3. During No-EP periods, baseline PM2.5 levels in all cities generally remain within the 0–75 μg/m3 range.
[image: Figure 5]FIGURE 5 | Comparison of PM2.5 concentrations in different cities at different episodes. The dashed line indicates air quality standard of 75 μg/m3.
Inter-city comparisons highlight spatial heterogeneity: Nanchang, as the provincial capital, displays EP1 concentration box plots densely distributed in the high-range interval of 90–260 μg/m3, forming a pollution core zone alongside Jiujiang. This spatial pattern underscores the regional disparities in air quality dynamics under varying pollution scenarios.
From the overall data, the chemical composition of PM2.5 during EP1, EP2, and EP3 pollution episodes in six cities of Jiangxi Province shows significant variations (Figure 6). NO3− and SO42− contributions generally increase during pollution episodes. Jiujiang exhibits particularly prominent NO3− pollution, with EP1 episode reaching 59.6% (the highest proportion in Jiangxi province), and No-EP periods maintaining 44.6%, indicating persistent regional background pollution. Nanchang’s pollution is characterized by NO3− (28.2% in EP2) and organic matter (OM, 35.3% in EP2), while OM surges to 50.04% in EP3, becoming the dominant component. Pingxiang stands out with the highest NH4+ contributions during pollution episodes (EP2:24.9%, EP3:44%).
[image: Figure 6]FIGURE 6 | Comparison of polluted and non-polluted PM2.5 fractions in six cities. EP1, EP2, EP3, and No-EP denote polluted episode 1, polluted episode 2, polluted episode 3, and non-polluted period, respectively.
Crustal element contributions vary markedly among cities. Xinyu’s crustal element levels far exceed others, ranging from 11.5% to 13.6% during pollution episodes and comparing with 18.2% in No-EP, highlighting severe local dust issues. Ganzhou’s trace element contribution during pollution episodes (6.1%) exceeds non-polluted period levels (4.5%), suggesting potential industrial emissions. Ji’an maintains stable SO42− contributions (15%–16%) and NO3− levels near 38% in EP2 and EP3, reflecting mixed coal combustion (Zou et al., 2024) and traffic impacts (Zhu et al., 2024). Jiujiang and Xinyu’s high NO3− contributions during pollution episodes (EP1: 60% and EP3:41.9%, respectively) point to industrial and vehicular NOx dominance (Zhu et al., 2024; An et al., 2024).
Inter-city comparisons revealed that secondary inorganic salts (NO3−, SO42−, NH4+) and OM are common features during pollution episodes, but dominant components differ: Nanchang, Jiujiang and Xinyu are NO3− - driven, Pingxiang are OM and NH4+ - driven, while Ganzhou and Ji’an show balanced NO3− and SO42− contributions. The disparities in crustal and trace elements between Xinyu and Ganzhou further underscore how industrial activity types shape regional pollution profiles.
4.2 Regional disparities in PM2.5 sources appointments
The spatial heterogeneity of air pollution in Jiangxi Province is profoundly coupled with the interactive effects of industrial emission structures, geographical environmental characteristics, and secondary chemical transformation pathways. As illustrated in Figure 7, distinct pollution mechanisms exist across cities. In the northern industrial belt, Nanchang exhibits concentrations of NO3− (20.3%) and SO42− (6.4%) primarily driven by coal combustion and vehicle exhaust during non-polluted periods (Debiagi et al., 2021; Zhang et al., 2022), with combustion sources (30.6%) and secondary formation (29.8%) acting synergistically. Influenced by Poyang Lake and the Ganjiang River (Zhang et al., 2024), the elevated humidity during the EP3 phase may have promoted gas-phase reactions, and it is likely that part of the NOx shifted into the aqueous phase to form NO3− (16.3%), possibly catalyzed by dust-associated carriers (e.g., Fe3+) (Zhao et al., 2023; Yu and Jang, 2018). Meanwhile, the sustained release of industrial solvent-related VOCs may have contributed to a consistently high fraction of OM (50.0%) (Nie et al., 2014; Wang et al., 2009).
[image: Figure 7]FIGURE 7 | Comparison of PM2.5 sources between polluted and non-polluted episodes in each city. From the inner circle to the outer circle, indicate no-polluted and different polluted time periods, respectively.
In contrast, Jiujiang, a riverside heavy-industrial city, shows combustion source contributions (29.4% in EP1), likely linked to unorganized NOx emissions, reflecting short-term high-intensity industrial point-source patterns (Xu et al., 2023; Wang et al., 2025). During EP3, the SO42− contribution rose from 12.0% to 14.4%, likely due to increased coal-fired industrial SO2 emissions (primarily from steel production), which enhanced secondary formation processes (EP3: 52%) (Zhu et al., 2022; Li et al., 2019; Yang et al., 2024). Xinyu, an inland industrial city, demonstrates unique industrial structure influences: EP3 industrial sources contribute 23.6%, with NO3− dominating (41.9%) from steel industry NOx production (Wang et al., 2019), with dust sources (8.1%) may link to local mineral processing (e.g., ore crushing).
Central agricultural-industrial hybrid cities exhibit further divergence, the share of ammonium (NH4+) soared to 44% in the EP3 phase of Pingxiang, which may be driven by the neutralization of local agricultural ammonia emissions with acidic precursors (HNO3) (Wei et al., 2023). Primary emission bursts from motor vehicles (48%) and industrial sources (21.5%) in the EP3 phase, coupled with suppression of secondary aerosol generation (15.1%), may be attributed to gas-particle partitioning processes where emitted NOx undergoes acid-base neutralization with ambient NH3, forming ammonium salts (NH4+) rather than participating in secondary nucleation pathways (Deng et al., 2016). Whereas Ji’an’s EP3 NO3− dominance (40.1%) seems to combine winter transboundary precursors from the Anhui-Nanchang industrial belt with local vehicle NOx (EP1:17.1%, EP2:19.3%, EP3:10.8%) (Li T. et al., 2024), forming an “external-local” superposition effect. Southern Ganzhou displays region-specific mechanisms: dust sources spike from 1.1% to 5.9% during pollution episodes, and the share of motor vehicle sources increased from 32.6% to 43.1%, which appears to be caused by enhanced northwesterly winds led to long-distance input of peripheral dust, superimposed on the concentrated NOx emissions from local vehicles, and accelerated photochemical reactions to generate NO3−, driven by the strong solar radiation in the Gannan region (Li Y. et al., 2024).
In conclusion, atmospheric pollution in Jiangxi Province may exhibit significant regional differences: the northern industrial zone along the river is centered on the composite pollution of cross-provincial transmission and local industry, Nanchang is likely influenced by secondary formation, and Jiujiang relies on industrial and secondary formation-induced SO42− generation; in the central agro-industrial composite zone, Pingxiang accumulates NH4+ driven by agricultural ammonia, and Ji’an is subjected to the superimposition of exogenous industrial transmission and local vehicle emissions; and in the southern part, Ganzhou is combined by dust and NOx emissions from the local industry to form NO3− pollution.
4.3 Causes of spatiotemporal differentiation of PM2.5 pollution
Jiangxi Province exhibits a distinct spatial differentiation pattern in atmospheric pollution, with gradient differences in pollution component sources and transport mechanisms across its northern, central, and southern regions (Figures 6–8; Supplementary Figure S8). The northern urban cluster is potentially driven by cross-provincial transport. Nanchang, as a representative case, may reveal the superimposed effects of multiple external inputs. During non-pollution periods and the EP1 phase, volatile organic compounds (VOCs) released from biomass burning in northern China could undergo long-distance transport (cluster 3:19%)and secondary transformation (He et al., 2023), combined with mineral surface catalysis from Mongolian dust (cluster 2:6%), significantly increasing the proportion of organic matter (OM) (Nie et al., 2014). In the EP2 phase, its pollution may be primarily influenced by short-range transport of from industrial zones in northern Anhui (cluster 3:65%). The elevated NO3− concentrations are likely linked to regional industrial emissions and local photochemical conversion processes (Yan et al., 2022). This is further supported by PMF results, which indicate a 5.6% increase in the contribution from secondary formation sources during this phase. Nearby cities like Jiujiang and Xinyu also exhibit cross-regional characteristics. During EP3, Jiujiang may experience a surge in SO42− concentrations under the influence of humid air masses from the Poyang Lake (intra-provincial transmission:38%), suggesting enhanced liquid-phase oxidation of sulfur dioxide (SO2) (Liu et al., 2024), as supported by the PMF analysis indicating an increase in the contribution of secondary formation sources from 36.9% to 52%. Xinyu, as an industrial hub, could face dual pressure during EP2 from North China’s steel industry (33% Hebei pathway) and the Yangtze River Delta industrial belt (38% Anhui pathway), leading to a NO3− spike due to combined nitrogen oxide transport. This is consistent with the PMF analysis, which shows a 5.7% increase in the contribution from industrial sources during this phase, further supporting the influence of regional industrial emissions.
[image: Figure 8]FIGURE 8 | Schematic illustration of PM2.5 source contributions, transformation pathways, and regional transport dynamics during the 2023–2024 winter haze episode in Jiangxi Province.
Central urban cluster exhibits a composite pollution pattern potentially combining agricultural and industrial sources. Pingxiang’s pollution components may be closely influenced by agricultural structure and industrial emissions of Changsha-Zhuzhou-Xiangtan City Group (CZT City Group). During EP3, sustained high NH4+ levels seem to be primarily driven by localized air mass transport (cluster 1:28%), which concentrated NH3 emissions from persistent local livestock, agricultural sources (e.g., fertilization) (Butterbach-Bahl and Dannenmann, 2011) and industrial sources. This transport mechanism facilitated the accumulation and subsequent conversion of NH3 to NH4+ through photochemical and liquid phase chemical reactions, creating a unique phenomenon of prolonged NH4+ enrichment (Cao et al., 2024). In EP2, VOCs from the Yangtze River Delta industrial belt may undergo long-distance transport (cluster 2:28%) and secondary transformation, driving a significant rise in OM (Nie et al., 2014). Ji’an might be constrained by both topography and industrial transport. The topographic blocking effect of the Jitai Basin may trap locally emitted NOx from vehicles during EP2 (intra-provincial transmission: 54%), enhancing photochemical conversion efficiency and triggering a sharp NO3− increase (Duncan et al., 2016; Huang et al., 2017; Lao et al., 2024), which aligns with the PMF analysis indicating a 15.5% increase in motor vehicle source contributions (NOx emissions) and a 4.3% rise in secondary formation sources. By EP3, pollution might shift to NO3− precursors transported along the Ganjiang River from the northern Anhui-Nanchang industrial corridor (cluster 1:44%), reflecting cross-provincial diffusion under winter transport pathways influenced by prevailing winds and valley topography.
Southern region is characterized by interactions between local emissions and topographic regulation. Ganzhou’s pollution evolution may be significantly influenced by the Nanling Mountains’ topographic barrier. Intra-provincial transport dominates during non-polluted periods (Cluster 2, 58%). During polluted episodes, while intra-provincial contributions remain at 50%, NO3− concentrations continue to rise, likely due to stronger solar radiation accelerating the photochemical and liquid-phase transformation of NOx (He et al., 2023), which is consistent with PMF results indicating that motor vehicle sources increased by 10.5%. This forms a unique “southern model,” distinct from the northern cross-provincial transport and central agricultural-industrial hybrid system, creating a three-tier differentiation framework.
The observed spatial heterogeneity in atmospheric pollution across Jiangxi Province appears to be influenced by the chemical composition of pollutants, which is likely governed by the combined effects of local emission sources and regional topographical features. The north is characterized by cross-provincial nitrogen oxides (NOx), OM from VOCs, and SO42− influenced by industrial and biomass emissions, forming a dynamic “NO3−-OM-SO42−” superposition mode dominated by external inputs. The central region exhibits composite pollution from agricultural ammonia (NH4+) and industrially transported NO3− and OM, where pollution from the local agriculture and animal husbandry and industrial NOx/VOCs from the Yangtze River Delta, northern Anhui synergize and CZT City Group under local photochemical and topographic blocking effects, creating an “NH4+- NO3−-OM” tripartite coupling. The south focuses on efficient local conversion of vehicular NOx (to NO3−) regulated by the Nanling Mountains’ topography and solar radiation, with intra-provincial emissions continuously amplifying secondary components through photochemical and liquid-phase reactions, forming a “locally dominant NO3−, weakened external sources” structure. Winter meteorological shifts in transport pathways, combined with dynamic interactions between local emissions and chemical processes, collectively shape Jiangxi’s three-dimensional pollution pattern: cross-provincial dominance in the north, agricultural-industrial hybrid in center, and local-regional interplay in the south.
5 CONCLUSION

(1) The average PM2.5 concentration across the six cities during the sampling period ranged from 44.1 to 76.9 μg/m3, exceeding the World Health Organization standard (15 μg/m3) by 2.9–5.1 times, highlighting significant regional pollution pressure.
(2) Secondary inorganic aerosols (SNA) and organic matter (OM) dominated the PM2.5 composition, but water-soluble ion contributions varied substantially (21%–67%). Pingxiang exhibited a notably higher SO42−/NO3− ratio (6.91) compared to other cities (0.31–0.75), indicating dominant contributions from stationary sources (coal combustion/industrial activities). In contrast, lower ratios in Nanchang and Jiujiang reflect the increasing contribution of mobile sources in non-industrial cities.
(3) Source apportionment using the PMF model revealed similar PM2.5 source profiles across the six cities. Contributions were ranked as follows: secondary formation (18.5%–56.7%), dust sources (2.0%–14.9%), industrial emissions (3.6%–31%), combustion sources (6.1%–30.7%), and motor vehicle emissions (6.2%–42.3%).
(4) PM2.5 pollution of Jiangxi exhibited a spatial pollution pattern centered on Nanchang and Jiujiang, with significant differences in inorganic ions (SO42−, NO3−, NH4+) and OM during the No-polluted and polluted periods.
(5) Based on the combined analysis of PMF results and PM2.5 component concentrations, we speculate that ambient pollution exhibited distinct regional characteristics across Jiangxi Province during polluted and non-polluted periods. Specifically, Northern riverside industrial area mainly domain by cross-provincial transport and local industrial pollution, such as Nanchang and Jiujiang (secondary formation). The central agricultural and industrial complex area likely influenced by NH4+ accumulation of agricultural ammonia driving, external industrial transmission and local vehicle emissions. In the southern part, the main source of PM2.5 pollution was NOx emissions from local vehicles, which contributed to the formation of NO3−.
(6) Utilizing backward trajectory analysis, we infer that the spatial variation of air pollution in Jiangxi Province is closely linked to the composition of pollution components. The northern city cluster was likely dominated by cross-provincial transmission (NOx), OM derived from VOCs and SO42− influenced via Poyang Lake or marine air mass. Central area showed a combination of agricultural- ammonia and industrially transported NO3−-OM pollution model. Southern region influenced by terrain of Nanling mountain, mainly conversion of vehicle NOx to NO3− in the local area.
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