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Abstract. Since the Clean Air Act was implemented in 2013, China has witnessed a reduction of over 

50% in the annual average concentration of fine particulate matter (PM2.5). Despite these emission cuts, 

the formation mechanism of secondary organic aerosols (SOA), a crucial constituent of PM2.5, remains 

inadequately understood. In this study, we performed a model-assisted analysis of field sampling data 

collected in Shijiazhuang. The results show that, compared to 2014, the contribution of SOA to the total 30 

organics (from 27% in 2014 to 87% to in 2024) exceeded that of primary organic aerosol (POA) during 

the winter haze in 2024. Although the model underestimated the measured SOA levels, incorporating 

the transformation of transported POA into SOA under high relative humidity (RH) conditions helped 

bridge the gap between model predictions and on-site measurements. The increase in SOA contribution 

occurred amidst large emission reductions, which accounted for 70% of the decline in POA levels, while 35 

meteorological factors contributed an additional 10%. Increased contribution of SOA was also found in 
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other North China Plains areas, which underscores the pressing necessity for coordinated regional 

initiatives to effectively mitigate SOA levels across the NCP, thereby tackling the transboundary nature 

of air pollution. 

1 Introduction 40 

Ambient PM2.5 pollution is a critical environmental issue in China, contributing to millions of premature deaths 

annually (Zhao et al., 2018; Zhang et al., 2021; Chen et al., 2024). Since the implementation of the Clean Air Act 

in 2013, there have been large reductions in PM2.5 concentrations nationwide (Zhang et al., 2019; Geng et al., 

2021). However, improvements have slowed in recent years, e.g., from 2018 to 2020, compared to the initial surge 

of progress between 2013 and 2017(Geng et al., 2024). The North China Plain (NCP), one of the country's most 45 

polluted areas, continues to experience severe haze episodes with elevated PM2.5 levels, especially during winter 
months (Huang et al., 2014; Daellenbach et al., 2024). This persistent pollution usually stems from a complex 

interplay of local emission sources, transboundary pollutant transport, secondary formation, specific topographical 

features, and unfavorable meteorological conditions (Chang et al., 2022; Nie et al., 2022). 

Organic aerosols (OA) represent a large portion (20-90%) of PM2.5 in the atmosphere, arising from both 50 

primary and secondary processes (Jimenez et al., 2009; Lin et al., 2018; Huang et al., 2023; Chen et al., 

2024). Recent research has increasingly focused on the budgets, formation pathways, and 

photochemical evolution of SOA due to their impacts on climate and human health (Chen et al., 2024; 

Daellenbach et al., 2024). SOA formation involves precursor VOCs released from both natural sources, 

such as forests and wildfires, and anthropogenic sources, including biomass burning and vehicular 55 

emissions (Chang et al., 2022). Despite this understanding, many SOA precursors remain unidentified, 

leading to uncertainties in global SOA budget estimations, as numerous climate models do not account 

for these unknowns (Shrivastava et al., 2017; Chang et al., 2022). Therefore, a better understanding of 

SOA formation, particularly in the context of emission reductions, is essential for evaluating their future 

implications for climate and human health (Chen et al., 2024). 60 

In the capital city of Beijing, a recent study indicates that SOA primarily originates from solid-fuel 

combustion and aqueous processes involving multiphase chemistry with aromatic compounds 

(Daellenbach et al., 2024), with the most severe haze events linked to the transport from south of Beijing. 

Kuang et al. (2020) explored the effects of gas-phase and aqueous-phase photochemical processes on 

SOA formation, revealing that photochemical aqueous-phase processes contributed largely to daytime 65 

oxygenated organic aerosol (OOA) formation during winter in a sampling site near Beijing. While much 
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of the existing research has focused on Beijing and nearby areas, studies in Shijiazhuang (SJZ) are 

relatively scarce (Huang et al., 2019; Lin et al., 2020). As the capital of Hebei Province and one of the 

most polluted cities in China, particularly during the winter heating season, Shijiazhuang presents a 

critical context for further investigation(Huang et al., 2019; Lin et al., 2020). Huang et al. (2019) utilized 70 

a high-time resolution Aerosol Chemical Speciation Monitor (ACSM) and found that in wintertime 

Shijiazhuang 2014, submicron organic aerosol was primarily sourced from direct emissions without 

extensive atmospheric aging, indicating opportunities for improving air quality through emission 

reductions. Moreover, during pollution events with high relative humidity (RH), SOA prevailed due to 

intensified aqueous-phase chemistry highlighting the critical role of meteorological factors in PM pollution 75 

in this heavily polluted city (Huang et al., 2019). 

In this study, we deployed a Soot Particle (SP) Long Time of Flight (LToF) Aerosol Mass Spectrometer 

(AMS) (Onasch et al., 2012) in Shijiazhuang from January to March 2024. We conducted a model-

assisted analysis of variations in OA sources and formation, comparing data to 2014 levels(Huang et al., 

2019). Our objectives were: (1) to elucidate the chemical mechanisms underlying SOA formation in light 80 

of emission reductions, and (2) to evaluate the relative contribution of emission reductions versus 

meteorological factors by comparing measurements and simulations from 2014 and 2024. 

2 Method 

2.1 Field Sampling 

Shijiazhuang (SJZ), the capital of Hebei Province, is located approximately 270 km southwest of Beijing (Huang et 85 

al., 2019; Lin et al., 2020). In 2024, an SP-LToF-AMS (laser off mode) was deployed from January to March in the 

Luan Cheng district of southern SJZ. The sampling site was selected as a suburban background location, without 
strong nearby emission sources. 

The design of the SP-LToF-AMS is detailed in Onasch et al. (2012), and its setup followed our previous studies 

(Lin et al., 2021, 2022). Briefly, ambient air was drawn through a stainless-steel tube via a PM2.5 cyclone at a 90 

consistent flow rate of 5 L min-1⁻¹. After being dried with a Nafion dryer (MD-700-24S, Perma Pure, Inc.), the 

sampled aerosol was focused into a particle beam using a PM2.5 aerodynamic lens, then vaporized by a thermal 

standard vaporizer at approximately 600 °C and ionized through electron ionization (70 eV) to generate positive 

fragments. The resulting ion fragments were detected and analyzed by the LToF mass spectrometer. 

Ionization efficiency (IE) and relative ionization efficiency (RIE) were calibrated using pure NH4NO3 and (NH4)2SO4 95 

in the 300-350 nm range. Data acquired from the SP-LToF AMS were analyzed using SQUIRREL (version 1.61D) 
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and PIKA (1.21D) software, coded in Igor Pro 6.37 (WaveMetrics). To identify OA sources, positive matrix 

factorization (PMF) combined with multilinear engine (ME-2) analysis was performed on the high-mass spectra of 

OA. The data and error matrices for OA mass spectra in the m/z range of 12-120 were preprocessed, removing 

ions with a signal-to-noise ratio (S/N) < 0.2 and down-weighting those with 0.2 < S/N < 3 by a factor of 2 (Lin et al., 100 

2018; Lin et al., 2022; Duan et al., 2024). An unconstrained PMF analysis was then conducted to explore a range 
of solutions and determine the potential number and types of OA factors. Subsequently, an ME-2 approach with a-

value constraints was employed to obtain the most interpretable profiles and environmentally meaningful results. 

As a result, the time series of AMS + BC is strongly correlated with total PM2.5 with slope of the linear fit close to 1, 

and the OA explained by PMF closely aligns with the measured OA (Fig. S1). 105 

2.2 Model Analysis 

The Community Multiscale Air Quality (CMAQ) model (version 5.4) (Pye et al., 2023) was employed to simulate 

ambient variations in emission reductions and the meteorological impacts on ambient aerosol on a regional scale 

in January 2024, compared to January 2014. The CMAQ model was configured with the aero7 aerosol module and 
the CB6r5 gas-phase mechanism. To generate the meteorological fields required for the CMAQ simulations, the 110 

Weather Research and Forecasting (WRF) model (version 4.4) was utilized with the National Centers for 

Environmental Prediction (NCEP) Final (FNL) dataset. 

The emission inventory for 2014 was derived from the Multiresolution Emission Inventory for China (MEIC) 

(http://meicmodel.org.cn; last access: May 1, 2025) (Geng et al., 2024). For the 2024 emission inventory, the MEIC 

data were scaled down from MECI 2020 to align with the 2024 measurements. Since the emission inventories are 115 

not up-to-date for 2024, the MEIC data were downscaled from the 2020 MEIC version. A scaling factor of 0.5 was 

applied to enable more accurate comparisons between model outputs and 2024 measurements (Fig. S2).  The 
modeling period covered January 11 to 31 for both years, coinciding with the availability of ACSM/AMS data in 

January. The first three days were designated as a spin-up phase to stabilize the model, ensuring that subsequent 

data accurately reflected steady-state atmospheric conditions. Model performance metrics—including Mean Bias 120 

(MB), Normalized Mean Bias (NMB), Root Mean Square Error (RMSE), and correlation coefficient (R)—indicated 

good agreement between modeled and measured PM2.5 levels (Fig. S2). 

High relative humidity (RH) increases the availability of aerosol liquid water (ALW), thereby enhancing the uptake 

of both organic and inorganic gases. These gases are oxidized in aerosol water to form secondary aerosols (Zheng 
et al., 2015; Mcfall et al., 2020). High RH also promotes the uptake of oxidants, including hydroxyl (OH) and 125 

hydrogen peroxide (H₂O₂), which can generate OH radicals via Fenton chemistry (Nguyen et al., 2013). These 

oxidants oxidize POA and form SOA. To characterize the RH-mediated conversion of POA to SOA, we introduce 

a simplified surrogate equation for SOA formation: 
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POA + H2O + oxidants  
!"#$"	
#⎯⎯⎯%  H2O + SOA 

In this equation, atmospheric water vapor (H2O) is linked to RH calculations. Higher RH (i.e., increased H2O) 130 

facilitates the apparent conversion of more POA into SOA. The conversion rate was tested until a closure was 

achieved between measured and simulated SOA. As a result, the model SOA and POA tracked the observed SOA 

ones with a moderate correlation coefficient (Fig. S3). The diurnal pattern of SOA was simulated relatively well in 

2024, whereas the model missed the midday peak of SOA in 2014, suggesting that daytime SOA formation was 

more important in 2014 than in 2024  and effectively tracked the diurnal pattern of SOA (Fig. S4). Different scenarios 135 

were designed (Table S1). This simplified calculation serves as an empirical approach to account for the 

underestimated SOA formed during the aging of POA. Further research is needed to determine the effective uptake 

coefficients of precursor VOCs and oxidants, as well as the dynamics of POA aging. 

3 Results 

3.1 Increased Secondary Aerosol Contribution in 2024 vs 2014 140 

Figure 1a shows the variations of the major components of NR-PM (i.e., organics, sulfate, nitrate, ammonium, and 

chloride) at SJZ in 2014, while Figure 1b presents the data for 2024, categorizing non-refractory PM into deciles, 

ranging from the least polluted 10th percentile to the most polluted 10th percentile. As NR-PM increases from the 

lowest 10th percentile to the highest 10th percentile, organics remain the largest component, with mean 

concentrations rising from 16.8 µg m-3µg m⁻³ to 206.0 µg m-3µg m⁻³ in 2014, and from 2.9 µg m⁻³ -3 to 45.4 µg m-145 
3µg m⁻³ in 2024. In 2014, sulfate was the second largest component, with concentrations rising from 4.0 µg m-3⁻³ 

to 90.3 µg m-3µg m⁻³. In 2024, however, sulfate became less prominent than nitrate, with mean concentrations 

increasing from 1.3 µg m-3µg m⁻³ to 21.7 µg m-3µg m⁻³. In 2024, nitrate emerged as the second dominant 

component, rising from 1.0 µg m-3µg m⁻³ to 33.6 µg m-3µg m⁻³, although its concentrations were still slightly lower 

than in 2014, which saw an increase from 3.6 µg m-3µg m⁻³ to 43.5 µg m-3µg m⁻³. 150 

  The dominance of organic aerosol is linked to direct emissions from various combustion sources, such as biomass 

burning and coal combustion, as well as the formation of SOA. Figure 1c shows that non-cooking primary organic 

aerosol (ncPOA)—the sum of biomass burning organic aerosol (BBOA), coal combustion organic aerosol (CCOA), 

and hydrocarbon-like organic aerosol (HOA)—increased from 7.1 µg m-3µg m⁻³ to 115.0 µg m-3µg m⁻³ in 2014, 

while oxygenated organic aerosol (OOA, a surrogate for SOA) rose from 5.2 µg m-3µg m⁻³ to 44.1 µg m-3µg m⁻³. In 155 

contrast, in 2024, OOA became more dominant than ncPOA, with OOA increasing from 3.0 µg m-3µg m⁻³ to 47.5 

µg m-3µg m⁻³ (Fig. 1d), while ncPOA rose from less than 1 µg m-3µg m⁻³ to 6.7 µg m-3µg m⁻³. This shift in dominance 

of OOA, a surrogate of SOA, underscores the increasing role of secondary aerosol formation processes in affecting 

air quality and public health, highlighting the need for enhanced monitoring, adaptive policy measures to control 
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emissions, and interdisciplinary research efforts to tackle the emerging challenges posed by organic aerosols. 160 

Moreover, changes in PM components are known to drive differences in aerosol liquid water content (Kuang et al., 

2020), and such changes may also alter the formation pathways of SOA. 

  In contrast to organics, the reduction in inorganics was relatively straightforward. Specifically, the decrease in 

sulfate is linked to the reduction of its precursor, SO2, and its conversion from SO2 to sulfate. During the sampling 

period in 2014, the measured SO₂ concentration was 150 ± 84.5 µg m-3µg m⁻³ (± one standard deviation), while in 165 

2024, it dropped to 6.5 ± 7.2 µg m-3µg m⁻³. This represents an average reduction of 95.6% in SO₂ concentrations 

from 2014 to 2024. For measured sulfate, the average reduction was less pronounced than that of its precursor, at 

82%. This indicates higher conversion efficiency from SO₂ to sulfate in 2024, resulting in a higher sulfur oxidation 

ratio (FSO₄) of 0.42 compared to 0.15 in 2014. It’s important to note that the observed FSO₄ may represent an upper 

limit, as regional transport and background sulfate levels were not factored into the calculation. In contrast to sulfate, 170 

nitrate experienced a smaller reduction, resulting in an increased nitrate fraction in 2024 compared to 2014. This 

change is partly linked to NOₓ emissions, which have seen less reduction than SO₂ (Fig. S5). The increase in 

oxidizing capacity may convert more NOₓ into nitrate in the presence of abundant ammonia in recent years (Zang 

et al., 2022). Ammonium (NH₄) is associated with ammonia emissions, which are converted to ammonium in the 

presence of sulfate and nitrate. Given the abundant ammonia emissions over the years (Liu et al., 2019), 175 

ammonium concentrations were influenced more by sulfate and nitrate than by ammonia itself. Chloride is 

connected to biomass burning and coal combustion. Therefore, the reduction in ncPOA likely reflects a decrease 

in the corresponding emission strength, leading to lower chloride emissions. 

On average, the measured NR-PM concentrations showed a reduction of 75% over the sampling period from 2014 

to 2024, with NR-PM₁ averaging 188.0 ± 111.0 µg m-3µg m⁻³ in 2014 and NR-PM2.5 averaging 46.85 ± 35.8 µg m-180 
3µg m⁻³ in 2024. Considering the differences in size cuts (i.e., PM₁ from ACSM in 2014 and PM2.5 from AMS in 

2024) and the sampling sites between the two campaigns (Huang et al., 2019), a direct comparison of the two 

campaigns may introduce limitations. However, given the strong time-series correlation in bulk PM2.5 concentrations 

across cities in the NCP (as discussed in Section 3.4), this comparison can still reflect an overall trend. 

Comparing Figures 1a and 1b, we observed that all components were reduced to varying extents across different 185 

pollution levels, from the cleanest 10th percentile to the most polluted 10th percentile. On average, organic 

compounds were reduced by 79% in 2024 compared to 2014.. During the most polluted 10% of the sampling period, 

organics saw a similar reduction of 78% compared to 2014. Sulfate experienced an average reduction of 82%, with 

a 76% reduction during the most polluted 10%. Ammonium was reduced by an average of 72.1%, with a 79% 
reduction in the most polluted period. Chloride also saw an average reduction of 76%, though during the most 190 

polluted period, the reduction was only 67%. In contrast, nitrate experienced the least reduction, with an average 

decrease of 50% and only a 23% reduction during the most polluted period. This indicates that all major 

components saw similar reductions in 2024, except for nitrate, which became more important in driving pollution 



 
 

7 
 

levels compared to 2014. Previously dominated by direct emissions (as indicated by high levels of ncPOA in Fig. 

1c), organics are now increasingly influenced by secondary production. On average, ncPOA was reduced by 93% 195 

in 2024, while SOA was reduced by 45%.  

 

3.2 Formation and Transport of Secondary Organic Aerosol  

During the polluted periods, the shift in dominance from ncPOA to SOA in 2024 compared to 2014 indicates that 

secondary formation processes are becoming more important than primary emissions (Fig. 1). Plotting SOA against 200 

relative humidity (RH) reveals that as RH increases, SOA levels also rise (Fig. 2). The mean SOA in different RH 

brackets increased from 15.6 µg m-3µg m⁻³ to 27.9 µg m-3µg m⁻³ in 2024, while in 2014, it rose from 21.9 µg m-3µg 

m⁻³ to 28.9 µg m-3µg m⁻³ as RH increased from 35% to 95% (Fig. 2). The positive correlation between SOA and 

RH suggests that RH modulates aqueous phase reactions, facilitating SOA formation, consistent with previous 

studies indicating enhanced SOA production at high RH (Huang et al., 2019; Lin et al., 2020). 205 

In contrast to SOA, ncPOA reached a plateau at high RH, with mean concentrations ranging from 58.4 to 60.9 µg 

m-3µg m⁻³ at RH levels above 55% in 2014, and from 4.4 to 5.0 µg m-3µg m⁻³ in 2024. While the continuous increase 

in SOA at high RH suggests enhanced SOA formation through heterogeneous reactions, the plateau in ncPOA 

concentrations at high RH may indicate either that ncPOA emissions ceased at high RH (which is unlikely) or that 
ncPOA was converted to SOA through aging processes. This conversion likely requires an oxidizing environment, 210 

and the increasing ozone (O₃) concentrations observed in recent winters may reflect a more oxidizing atmosphere 

(Fig. S6). Consequently, more ncPOA is likely converted to SOA during transport. The aging of POA into SOA 
aligns with findings from winter case studies in Beijing, suggesting that ncPOA aging may partly explain the recent 

increase in SOA levels during the case study in Beijing (Wang et al., 2021). Additionally, the oxidation of semi-

volatile and intermediate volatile organic compounds (SVOCs and IVOCs) may have been enhanced due to 215 

increased oxidation capacity (Huang et al., 2025).  

In 2014, ncPOA was relatively well simulated (Fig. 3a). However, in 2024, ncPOA concentrations were 

overestimated by more than 100% (Fig. 3b). In contrast, SOA levels were underestimated by approximately 9040-

60% in both years. The base run considered the default SOA formation mechanism, which includes ncPOA 

evaporation and subsequent aging driven by hydroxyl (OH) radicals. The underestimation of SOA can be partly 220 

attributed to insufficient consideration of the conversion of ncPOA at high RH levels, which may not necessarily be 

driven by OH radicals. This factor has likely become more important in recent years due to a more oxidizing 

environment. The overestimation of ncPOA in 2024 suggests that a greater fraction of ncPOA should be converted 

to SOA. 

In this study, emissions from SJZ set to zero for January 2014 and 2024 to study the local vs regional transport of 225 

ncPOA, which can be converted into secondary organic aerosol (SOA) during transport. The differences between 
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simulations with and without SJZ emissions were treated as the emissions impact. CMAQ simulations indicate that, 

on average, 3839% of ncPOA in 2014 was from regional transport, while 6261% originated from local emissions in 

SJZ. In 2024, this shifted to 6935% was from local emissions and 3165% from regional transport. However, during 

pollution episodes (PM2.5 >75 µg m-3), approximately over 50% of ncPOA was sourced from regional transport in 230 

both 2014 and 2024 (Fig. S7). ThereforeGiven the large contribution from regional ncPOA, accounting for 
addressing the aging of transported ncPOA into SOA could help resolve these model-measurement discrepancies.  

By adjusting the model with RH-related parameters, we can improve SOA simulations and narrow the gap between 

simulated and observed SOA levels (see Methods). After these adjustments, SOA concentrations in NCP were 

elevated to over 20 µg m-3 in 2014 (Fig. 3c). In 2024, SOA levels were reduced by about 50%, which is a smaller 235 

reduction compared to the more than 90% decrease observed in ncPOA (Fig. 3b and 3d). Notably, Iin 2024, SOA 

constituted approximately 8060% of the total OA for the adjusted model (Table S2) and 80% of the total OA for the 

observed OA (Fig. 3b), highlighting its dominance over POA. As a result (Fig. 3), the aging of POA under high RH, 

which leads to the formation of SOA, contributed to 303-314% of the total SOA in 2014-2024. Additionally, SOA 
generated from the oxidation of intermediate and semi volatile compounds comprised 234-374% of the total. 240 

Aromatic precursor oxidation accounted for 816-1124% of the SOA, while SOA resulting from aqueous phase 

chemistry involving aldehydes contributed 1623-3419%. Note that biogenic SOA was not considered in the CMAQ 

configuration. However, given a reduced emission of biogenic VOCs in winter, SOA formation potential from 

biogenic SOA was less important in winter than in summer (Dou et al., 2025), and may have a minor impact on the 

overall contribution of the anthropogenic sources.  245 

3.3 Rising contribution of SOA to the total OA Amidst Emission Reduction 

  As discussed in Section 23.1, total OA were reduced by an average of 79%. However, different types of organic 
aerosols were reduced to varying extents, with ncPOA decreasing by 93% and OOA by 4845% from 2014 to 2024. 

POA is directly emitted from emission sources. By utilizing the emission inventory while keeping meteorological 

parameters constant, we can simulate how emissions reductions contributed to this decrease in 2024 compared to 250 

2014 (Fig. 4; Table S1).  

Figure 4a shows the mean POA concentrations using the 2014 emission inventory alongside the 2024 

meteorological fields, while Figure 4b presents mean POA concentrations with the 2024 emission inventory and 

the 2024 meteorological fields. The differences between these two scenarios highlight the impact of emissions 
reduction (Figure 4c). In the 2014 emissions scenario, POA concentrations were elevated across the NCP and the 255 

Fenwei Plain (FWP), with average concentrations around 50 µg m-3µg m⁻³. Notably, POA concentrations in 

Shijiazhuang (SJZ), Beijing (BJ), Tianjin (TJ), Baoding (BD), Xingtai (XT), Handan (HD), and Xi’an (XA) were 

comparable, indicating widespread regional air pollution affecting multiple cities with hundreds of millions of 
residents. 
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In contrast, the 2024 emissions scenario showed a substantial reduction in POA concentrations, decreasing by up 260 

to 70%, with mean concentrations ranging from 1 to 10 µg m-3µg m⁻³ in the North China Plain (NCP) and Fenwei 

Plain (FWP). This reduction indicates that emission decrease accounts for approximately 30 to 40 µg m-3µg m⁻³ of 

the decline in POA levels in these regions, representing about 70% of the overall reduction. Thus, the modeled 
decrease in emission strength explains the majority of the observed reduction. 

Figure S84 shows the impact of meteorological variations on modeled POA concentrations in January 2024 265 

compared to 2014, accounting for about a 10% reduction attributed to these variations. In Figure S84, we compared 

mean POA concentrations using 2014 meteorological conditions alongside 2024 emissions with those under 2024 

meteorological conditions and the same emissions. The differences between these two scenarios highlight the 

influence of meteorological factors. The results indicate that mean POA concentrations under the 2014 

meteorological conditions were higher than those under the 2024 conditions. Overall, the data emission reduction 270 

explained  show approximately 70% that of POA in the NCP was reduced by approximately 70%, with 

meteorological conditions contributing to an additional reduction of around 10%. The remaining unexplained 

reduction of 10-20% in POA is likely due to the conversion of POA to SOA, as discussed in Section 2.2. 

3.4 Comparable Reduction in other Cities 

Starting in 2013, China initiated two phases of clean air actions: Phase 1 (2013–2017) and Phase 2 (2018–2020). 275 

The years 2021-2024 are considered Phase 3, following these initial phases. Figure 5 illustrates the evolution of 

PM2.5 during the heating periods across Phases 1, 2, and 3 for the seven cities. From Phase 1 to Phase 2, 

reductions were greater in the six cities of the NCP, with mean concentrations decreasing from 58-106 µg m-3µg 

m⁻³ in Phase 1 to 38-73 µg m-3µg m⁻³ in Phase 2. However, from Phase 2 to Phase 3, the reduction was less 

pronounced, with some cities experiencing a plateau or even a slight rebound, resulting in PM2.5 concentrations 280 

around 30-52 µg m-3µg m⁻³. An overall reduction in regional PM2.5 has been observed for major cities in the NCP 

and FWP over the last decade (Fig. S85). This trend is consistent with the modeling results that compare 2024 to 

2014 (Fig. 53), highlighting a regional decrease in PM2.5 concentrations attributed to emission reductions over the 

past decade. 

Xi’an (XA), the largest city in the FWP, exhibited different PM2.5 variations compared to cities in the NCP. At the 285 

end of Phase 1, PM2.5 concentrations increased slightly from 58 to 74 µg m-3µg m⁻³, followed by a reduction in 

Phase 2 (from 62 to 51 µg m-3µg m⁻³), and a rebound during Phase 3 (from 43 to 50 µg m-3µg m⁻³). The differences 

in PM2.5 variations between XA and other NCP cities are linked to emissions patterns in the Guanzhong Basin, 

which is more isolated from NCP emissions. Figure 5a illustrates the wind fields during haze periods at ground 

level. The wind patterns reveal anticyclonic flow at low speeds in NCP, while the winds in FWP were more stagnant, 290 

indicating that emissions were confined within the basin rather than being influenced by external sources. This 
observation aligns with previous studies in Xi’an that often saw higher pollution levels than in NCP (Zhong et al., 
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2020; Lin et al., 2023), whereas pollution in NCP has been primarily associated with southerly winds transporting 

emissions from nearby sources (Daellenbach et al., 2024). Figure 5c demonstrates that from Phase 1 to Phase 3, 

the correlation between PM2.5 time series in NCP cities remain similarly elevated if not slightly increased. For 295 

example, the correlation coefficients (r) between BJ and TJ, BD, and SJZ were 0.65, 0.58, and 0.63 during Phase 

1, 0.63, 0.60, and 0.57 during Phase 2, and 0.70, 0.69, and 0.63 in Phase 3. The correlation between SJZ and XT 
and HD was 0.80 and 0.74 in Phase 1, 0.83 and 0.72 in Phase 2, and remained 0.83 and 0.74 in Phase 3. In 

contrast, the correlation with XA and other cities remained low, ranging from 0.39 to 0.56 in Phase 1, 0.28 to 0.56 

in Phase 2, and 0.22 to 0.50 in Phase 3. Thus, the high correlations among PM2.5 levels in NCP cities highlight the 300 

increased importance of regional transport, while the lower correlations with XA indicate isolated emission sources 

in the FWP. 

Removing emissions from SJZ alone was insufficient to reduce PM2.5 levels to safe standards of less than 25 µg 

m-3µg m⁻³ (Fig. S9). This is largely due to the fact that approximately half of the PM2.5 in SJZ was transported from 

outside the city (Fig. S9). However, the transport of pollutants appears similar in both 2014 and 2024. Dduring 305 

pollution episodes (PM2.5 > 75 µg m-3), with around 8056-60% of PM2.5 transported from external regional sources 

and the remaining 40-2044% attributed to local emissions (Fig. S9). Conversely, dDuring relatively clean periods 

(PM2.5 < 25 µg m-3), approximately 8046-51% of PM2.5 originates from local sources, while 49-2054% is derived 
from regional transport, highlighting the need for a coordinated regional effort to further reduce PM2.5 levels across 

the NCP.  310 

Figure S10 shows the contributions of five key sectors (in μg m-3) to the total PM2.5 in January 2014 and 2024: 

power generation, industry (including industrial boilers, cement production, iron production, and other processes), 

residential burning (covering domestic biomass and fossil fuel burning), transportation (both on-road and off-road 

vehicles), and agriculture. In both years, residential domestic burning was the primary contributor to PM2.5, 

accounting for approximately 51% of PM2.5 in 2014 and 48% in 2024. The industrial sector followed as the second-315 

largest contributor, representing about 34% of PM2.5 in 2014 and 33% in 2024. Combined, traffic, power generation, 
and agriculture accounted for 15% of total PM2.5 in 2014, with a similar level of 18% in 2024. When comparing 

contributions between 2024 and 2014, the domestic sector experienced a large reduction, decreasing from 68.5 

µg m-3in 2014 to 22.4 µg m-3 in 2024—a reduction of 67%. The industrial sector also saw a notable decrease of 

65%, from 44.7 µg m-3 in 2014 to 15.6 µg m-3 in 2024. Other sectors contributed minimally to PM2.5, but the 320 

reductions in these areas exhibited greater uncertainty, as indicated by larger error bars. The dominant contribution 

of residential and industrial emissions aligns with modelling results from other regions in other BTH area (Chang 

et al., 2019). This highlights the importance of targeting residential burning and industry in future mitigation 
strategies. Given the similar temporal and spatial distributions of sub-sectors within each major sector, it is feasible 

to estimate contributions from more detailed sectors based on specific emission rates. For instance, in SJZ, 325 

domestic biomass burning accounted for 57% of the primary PM2.5 emissions, with the remaining 43% from fossil 



 
 

11 
 

fuel combustion. Domestic burning SO2, a precursor of sulfate, was predominantly from domestic fossil fuel burning. 

In the industrial sector, industrial boilers, cement production, and steel manufacturing were responsible for 82% of 

the primary PM2.5 emissions, with the rest coming from other industrial activities. Additionally, pollutants from 

domestic sources are primarily emitted at ground level, resulting in a larger impact compared to emissions from 330 

elevated industrial sources. 

4 Conclusion 

In conclusion, organics remain the most important component of non-refractory PM (NR-PM) in 2024. Emission 

reductions account for 70% of the decrease in POA compared to 2014, with meteorological conditions contributing 

an additional 10%. Haze pollution in 2024 was characterized by high RH, with nitrate levels exceeding those of 335 

sulfate and SOA levels surpassing POA levels—a reversal of the situation in 2014, in the context of increasing 

oxidizing capacity as summarized in Fig. 6. Therefore, further reductions in VOCs and NOₓ could lead to additional 

decreases in overall aerosol pollution levels. The transport of pollutants appears similar in both 2014 and 2024 

during pollution episodes, with around 80% of PM2.5 transporting from external sources and the remaining 20% 
attributing to local emissions, highlighting the need for coordinated regional efforts to further reduce PM2.5 levels 340 

across the NCP. The positive correlation between SOA and RH suggests that RH modulates aqueous phase 

reactions, facilitating SOA formation in both 2014 and 2024. Accounting for the aging of transported ncPOA into 

SOA could help reconcile these model-measurement discrepancies. This factor is likely becoming increasingly 

important given the rising levels of oxidants. 
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Figure 1. Aerosol Components and Organic Aerosol Subtypes. Aerosol components in (a) 2014 and (b) 2024 as a 485 
function of non-refractory PM deciles, ranging from the least polluted 10th percentile to the most polluted. Organic 
sources in (c) 2014 and (d) 2024, including non-cooking primary organic aerosol (ncPOA) and secondary organic 
aerosol, as a function of NR-PM deciles.  
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Figure 2. Organic Aerosol Subtypes vs RH. Variation of non-cooking primary organic aerosol (ncPOA) and secondary 
organic aerosol (SOA) across different relative humidity (RH) brackets in 2014 (a) and (b) and in 2024 (c) and (d). The 
error bars represent one standard deviation. 
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 500 
Figure 3. SOA Underestimation in the Model. (a) the base run (Base), and the adjusted (Adjust) CMAQ model for SJZ 
in 2014, along with (b) the corresponding data for 2024 as a comparison to the observation (Obs) from PMF result. (c) 
Distribution of the adjusted SOA in 2014 and (d) in 2024 during the pollution period. Error bars indicate one standard 
deviation. 
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Figure 4. Emission Reduction Explains the Reduction in POA. CMAQ simulated monthly mean POA concentrations in 
(a) scenario using MEIC 2014 + Meteorology 2024; (b) base run with MEIC 2024 + Meteorology 2024. The difference (in 510 
µg m-3µg m⁻³) due to meteorology emission is shown in (c) (equivalent to b - a) and in percentages (equivalent to c/a). 

 



 
 

20 
 

 
Figure 5. Regional reduction in PM. The wind field at ground level (a); box plot of PM2.5 concentrations during the 
heating period (November 15 to March 15) for the cities of Beijing, Tianjin, Shijiazhuang, Xingtai, Handan, and Xi’an. 515 
The years 2013-2017 are considered Phase 1 of the Clean Air Action Plan, 2018-2020 as Phase 2 of the three-year action 
plan to win the blue sky war, and 2021-2024 as Phase 3. Only three full years of measurements are included in (b). The 
correlation coefficient (r) between the seven cities for winter across the three phases is also shown. 

 

 520 
Figure 6. Conceptual schematic illustrating the variations in chemical components (shift from sulfate to nitrate) and 
aerosol sources (shift from POA to SOA) from 2014 to 2024 against a backdrop of emission reductions. 


