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Abstract: Previous observational and chamber studies have highlighted the significant 19 

promoting effects of relative humidity (RH) or aerosol liquid water (ALW) on the 20 

formation of aerosol NACs. However, the interpretability of this pattern needs further 21 

validation in large-scale field observations. This study presents the simultaneous 22 

investigation of the compositions, abundances, and potential origins of nitroaromatic 23 

compounds (NACs) in PM2.5 across 11 Chinese cities during winter, with a focus on the 24 

key factors controlling their formation. Nitrophenols (NPs) and nitrocatechols (NCs) 25 

were identified as the main NAC groups, with their relative dominance varying by city. 26 

Higher total NAC concentrations were observed in northern cities, likely due to 27 

intensified biomass and coal combustion. While secondary processes dominated 28 

wintertime NAC formation across all investigated cities, the average proportion of 29 

secondarily formed NACs was lower in the north (87%) than in the south (93%). This 30 

north-south disparity was more pronounced during polluted periods (82% vs. 96%). 31 

Furthermore, insignificant promoting effect of RH or ALW was found for most NACs 32 

except nitrosalicylic acids. The constraining effects from O3, ∙OH, and solar radiation 33 

on NAC formation were stronger in northern China due to higher levels of light-34 

absorbing air pollution (generally severer haze in the north), potentially offsetting the 35 

promoting effects of RH or ALW. These findings suggest that the RH- or ALW-36 

promoted NAC formation may not be universally interpretable in real atmospheric 37 

environments, where multi-factor interactions play a critical role. This study highlights 38 

the necessity of considering complex field conditions in future research on NAC 39 

formation mechanisms. 40 
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1. Introduction 41 

Nitrated phenol compounds are a class of aromatic organics characterized by the 42 

presence of both nitro (‒NO2) and hydroxyl (‒OH) functional groups, which are 43 

ubiquitous in the atmospheric gas phase and particle phase (Cai et al., 2022; Li et al., 44 

2020a; Huo et al., 2024). Key members of this nitroaromatic compound (NAC) class 45 

include nitrophenols, nitrocatechols, nitrosalicylic acids, nitroguaiacols, and their 46 

derivatives (Li et al., 2020c; Huang et al., 2024). NACs are important constituents of 47 

atmospheric fine particulate matter (PM2.5) and are well recognized for their strong 48 

light-absorbing properties (Huang et al., 2025; Harrison et al., 2005; Wang et al., 2022). 49 

It has been reported that NAC species can contribute 4–50% or more to brown carbon 50 

light absorption (Mohr et al., 2013; Huang et al., 2024; Gu et al., 2022). Additionally, 51 

NACs are capable of strengthening the atmospheric oxidative capacity, as they promote 52 

the formation of HONO and OH radicals (∙OH) (Selimovic et al., 2020; Yang et al., 53 

2021). These distinctive physicochemical properties ultimately influence regional air 54 

quality, radiative forcing, and climate dynamics (Harrison et al., 2005; Xiong et al., 55 

2025; Liu et al., 2023b). In particular, NACs can also pose health risks due to their 56 

potential mutagenic and cytotoxic properties (Harrison et al., 2005; Hao et al., 2020). 57 

Thus, elucidating the abundances and main sources of NACs in urban aerosol particles 58 

and the key factors driving their formation is essential for advancing effective air 59 

pollution prevention efforts. 60 

The molecular composition of aerosol NACs and the relative abundance of 61 

individual NAC species are strongly influenced by a combination of primary emission 62 
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sources and secondary formation processes (Li et al., 2020b; Xie et al., 2019; Ma et al., 63 

2024; Macfarlane et al., 2025; Wang et al., 2022). Extensive observational studies have 64 

confirmed that NACs in aerosols can originate from primary emissions such as coal 65 

combustion, biomass burning, and vehicle exhaust (Zhang et al., 2023; Ma et al., 2024; 66 

Macfarlane et al., 2025; Chen et al., 2022; Lu et al., 2019). Furthermore, NACs can be 67 

secondarily formed through gas-phase and liquid-phase oxidation of various precursors, 68 

such as toluene, benzene, xylene, phenol, catechol, m-cresol, guaiacol, and methyl 69 

catechol, in the presence of nitrogen oxides (NOx), with their eventual distribution 70 

between gas and particle phases being significantly affected by gas-particle partitioning 71 

(Harrison et al., 2005; Wang and Li, 2021; Mayorga et al., 2021; Salvador et al., 2021; 72 

Vidović et al., 2019). Specifically, the formation of some NAC species in the particle 73 

phase involves nitration reactions of phenol, o-cresol, o-hydroxybenzoic acid, and p-74 

hydroxybenzoic acid mediated by ∙OH, NO3∙, NO2∙, N2O5, and ClNO2 (Shi et al., 2023; 75 

Harrison et al., 2005; Wang and Li, 2021; Xiong et al., 2025). The atmospheric 76 

oxidation of catechol yields 4-nitrocatechol, a process initiated by ∙OH and NO3∙ 77 

(Finewax et al., 2018). Similarly, methylnitrophenol and methylnitrocatechol can be 78 

produced via the photooxidation of m-cresol followed by subsequent nitration (Olariu 79 

et al., 2002). These well documented pathways in both laboratory experiments and field 80 

observations facilitate the conversion of volatile organic compounds (VOCs) into 81 

NACs with relatively low volatility, thereby substantially contributing to the formation 82 

of secondary organic aerosols (SOA) (Harrison et al., 2005; Liu et al., 2023b; Kroflič 83 

et al., 2021; Finewax et al., 2018; Macfarlane et al., 2025). In particular, the formation 84 
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of NACs is influenced by variations in ambient conditions such as relative humidity 85 

(RH), aerosol liquid water (ALW) concentration, and temperature (Xiong et al., 2025; 86 

Liu et al., 2023b; Guo et al., 2024). Among these, RH and ALW represent the most 87 

widely reported atmospheric variables affecting NAC formation (Xiong et al., 2025; 88 

Liu et al., 2023b). Nevertheless, the underlying RH- and/or ALW-related mechanisms 89 

controlling NAC production remain highly complex and not yet fully elucidated. 90 

It is generally accepted that an increase in RH can elevate the concentration of 91 

ALW (Xu et al., 2023; Xu et al., 2020b; Nguyen et al., 2016). ALW not only promotes 92 

the partitioning of water-soluble gaseous organics into the particle phase but also 93 

functions as a reaction medium for aqueous-phase processes, which significantly 94 

increase SOA production (Sareen et al., 2017; Yang et al., 2024; Ma et al., 2025; Xu et 95 

al., 2022; Liu et al., 2023a). Recently, smog chamber experiments have suggested a 96 

water cluster catalysis mechanism underlying NAC formation, in which gaseous water 97 

molecules form proton-transfer bridges, increasing the reaction rate constants for the 98 

H-shift by approximately 8 to 17 orders of magnitude at 298 K compared to the scenario 99 

with liquid water (Xiong et al., 2025). Additionally, previous field observations in cities 100 

such as Shanghai, Xi’an, and Beijing suggested that aerosol NAC levels did not exhibit 101 

a positive correlation with ALW (Huang et al., 2024; Liu et al., 2023b). Indeed, the 102 

mechanisms underlying the influence of RH and ALW on NAC formation remain a 103 

current research focus. However, to date, no large-scale synchronized observational 104 

studies in China have systematically investigated the linkages between aerosol NAC 105 

formation and RH or ALW. 106 
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Rapid urbanization and industrialization in China have intensified air pollution, 107 

especially during winter when biomass and coal combustion activities increase 108 

substantially (Ma et al., 2025; Xu et al., 2024b; Yang et al., 2025). Disparities in 109 

economic development levels among cities may consequently shape a unique spatial 110 

and temporal signature for NAC abundances, which are also modulated by factors like 111 

RH and ALW. In this study, we measured 9 typical NAC species in PM2.5 samples 112 

simultaneously collected from 11 Chinese cities during winter. The objectives are: (1) 113 

to examine spatial variations in the concentration and composition of aerosol NACs; (2) 114 

to evaluate the relative contributions of primary emissions and secondary formation 115 

processes to aerosol NACs; and (3) to identify key factors governing the formation of 116 

NACs, with particular focus on the relationships between NAC abundances and RH 117 

and ALW levels in northern and southern China. 118 

 119 

2. Materials and methods 120 

2.1. Sampling sites and sample collection 121 

The PM2.5 sampling was conducted across 11 cities in China, geographically 122 

categorized into southern and northern groups based on the Qinling–Huaihe climatic 123 

boundary (Figure S1). The southern group consists of Guangzhou (GZ), Chengdu (CD), 124 

Guiyang (GY), Kunming (KM), Wuhan (WH), and Hangzhou (HZ). The northern sites 125 

encompass Lanzhou (LZ), Xi’an (XA), Beijing (BJ), Harbin (i.e., Haerbin; HEB), and 126 

Taiyuan (TY). Detailed information on all study sites was shown in Sect. S1 in the 127 

Supplement. The sampling campaign was carried out from December 10, 2017 to 128 
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January 14, 2018. A striking north-south temperature discrepancy was observed during 129 

this period. Specifically, the average ambient air temperature remained above 4°C in all 130 

southern cities, whereas it was generally below 2°C across the northern cities (Tables 131 

S1‒S4). It is noteworthy that biomass and coal combustion activities are prevalent 132 

during winter in both southern and northern Chinese cities (Yang et al., 2025; Huang et 133 

al., 2024). However, as winters are typically colder in northern China, the demand for 134 

fossil fuels for heating is significantly higher there than in the south. For instance, the 135 

centralized winter heating policy in China is generally implemented only in northern 136 

regions during the cold season. 137 

PM2.5 samples were acquired using a high-volume air sampler (KC-1000, Laoying, 138 

China) operated at a constant flow rate of ~1.05 ± 0.03 m3 min−1 at all study sites, with 139 

prebaked quartz fiber filters (Pallflex, Pall Corporation, USA) serving as the collection 140 

medium. Sampling was conducted simultaneously across 11 observation sites on a 2- 141 

to 3-day frequency cycle, with each sampling event lasting approximately 24 hours. 142 

Two field blank samples were prepared at each site by mounting filters in an identical 143 

but non-operating air sampler. This campaign yielded a total of 154 filter samples, 144 

which were subsequently preserved at ‒30 °C. Concurrent meteorological data (e.g., 145 

temperature and RH) and air pollutant concentrations (e.g., PM2.5, SO2, NOx, CO, and 146 

O3) recorded during the sampling dates were obtained from nearby monitoring stations. 147 

The solar shortwave radiation (SR) data were obtained from National Meteorological 148 

Information Center, China Meteorological Administration (http://data.cma.cn/). In 149 

addition, a PM2.5 concentration threshold of 75 µg m−3 was applied to differentiate 150 

http://data.cma.cn/
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between clean and polluted days throughout the sampling campaign (Xu et al., 2024b; 151 

Zhang and Cao, 2015). It should be noted that the PM2.5 mass concentrations presented 152 

in this study represent regional average levels, rather than the actual values measured 153 

from the individual collected samples. 154 

 155 

2.2.  Chemical analysis and parameter calculation 156 

The protocol for extracting NACs from filter samples followed an optimized 157 

sample preparation workflow (Frka et al., 2022; Huang et al., 2024; Ma et al., 2024; 158 

Ma et al., 2025). Briefly, a 10 cm2 section of the filter was cut. The extraction was 159 

performed by sonicating the filter piece in 3 mL of methanol in an ice bath for 30 min, 160 

and this procedure was repeated twice. The extracts were then filtered through a 0.22 161 

μm polytetrafluoroethylene syringe filter (CNW Technologies GmbH). The filtrate was 162 

concentrated under a gentle stream of nitrogen and adjusted with methanol containing 163 

2,4,6-trinitrophenol to a final volume of 300 μL. After homogenization and 164 

centrifugation, the supernatant was analyzed using an Acquity ultrahigh-performance 165 

liquid chromatography (UPLC; Waters, USA) system coupled to a Xevo G2-XS 166 

Quadrupole time-of-flight mass spectrometer (ToF-MS; Waters, USA). The mass 167 

spectrometer was equipped with an electrospray ionization (ESI) source operated in 168 

negative ion mode. An ACQUITY UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 μm; 169 

Waters, USA) was used for reversed-phase liquid chromatographic separation. 170 

Nine NAC species were targeted for quantification, including 4-nitrophenol (4NP), 171 

2,4-dinitrophenol (2,4DNP), 3-methyl-4-nitrophenol (3M4NP), 2-methyl-4-172 
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nitrophenol (2M4NP), 4nitrocatechol (4NC), 4-methyl-5-nitrocatechol (4M5NC), 5-173 

nitrosalicylic acid (5NSA), 3-nitro-salicylic acid (3NSA), and 4-nitroguaiacol (4NG). 174 

The recoveries of the standard reference materials varied between 94% and 105%, 175 

which is within the ranges reported in previous studies with UPLC-MS/MS-based NAC 176 

analysis (Frka et al., 2022; Huang et al., 2023; Kitanovski et al., 2012). The limits of 177 

detection and quantification ranged from 0.05 µg L−1 (for 5-nitrosalicylic acid) to 0.5 178 

µg L−1 (for 4-nitroguaiacol) and from 0.15 µg L−1 (for 5-nitrosalicylic acid) to 1.5 µg 179 

L−1 (for 4-nitroguaiacol) for the target analytes, respectively. These values fell within 180 

the ranges established in previous UPLC-MS/MS methodology for NAC analysis (Frka 181 

et al., 2022; Huang et al., 2023; Li et al., 2020b). The repeatability for each standard, 182 

expressed as the relative standard deviation (n = 6), was less than 4.5%. None of these 183 

NACs were detectable in blank samples when analyzed using the identical 184 

measurement protocol. Furthermore, the UPLC-MS/MS analysis of these target NACs 185 

in atmospheric particles was found to be free of significant matrix effects (Kitanovski 186 

et al., 2012; Frka et al., 2022). In addition, two typical anthropogenic organosulfate 187 

markers (i.e., C8H17O4S
‒ and C5H7O6S

‒) were also measured via a comparable 188 

analytical approach (Yang et al., 2023; Xu et al., 2025; You et al., 2026). Detailed 189 

procedures for the identification and quantification of these organosulfate species have 190 

been described in our previous publications (Yang et al., 2023; Yang et al., 2024). 191 

Levoglucosan (LGA) was additionally identified based on a similar UPLC-MS method 192 

outlined above (Ma et al., 2025). In this study, the abundance of LGA was characterized 193 

by signal intensity. 194 
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The analytical procedure for inorganic ions in PM2.5 samples involved the 195 

ultrapure water-based extraction via a ~4°C ultrasonic bath (Gui et al., 2025; Xu et al., 196 

2024a). After extraction, the solutions were passed through a polytetrafluoroethylene 197 

syringe filter. Analysis was conducted via ion chromatography (Dionex ICS-5000+, 198 

Thermo Scientific, USA) to measure the concentrations of Mg2+, Ca2+, Na+, Cl−, SO4
2‒, 199 

NO3
−, NH4

+, and K+ (Xu et al., 2020a; Gui et al., 2024). The concentration of ALW and 200 

the pH value were estimated by running the ISORROPIA-II thermodynamic model in 201 

forward mode under the assumption of a metastable state (Sect. S2 in the Supplement), 202 

following methodologies well-documented in our previous work (Yang et al., 2024; Ma 203 

et al., 2025; Gui et al., 2025). In addition, the non-sea-salt fractions of K⁺ (nss-K⁺) and 204 

Cl− (nss-Cl−) were derived by subtracting 0.038 and 1.727 times the Na⁺ concentration 205 

from the total concentration of each respective ion (Boreddy and Kawamura, 2015; 206 

Morales et al., 1998). The levels of ambient ∙OH were estimated using the empirical 207 

formula proposed by Ehhalt and Rohrer (2000) (Sect. S3 in the Supplement), which 208 

was also detailed in our previous publications (Liu et al., 2023a; Xu et al., 2024a; Yin 209 

et al., 2026). 210 

 211 

3. Results and discussion  212 

3.1. Spatial characteristics of NAC concentration and composition in PM2.5 213 

Figure 1a‒d shows the average concentration distributions of different NAC 214 

groups in PM2.5 samples collected from 11 cities across China, along with a comparative 215 

analysis of their levels in southern and northern cities. NACs are categorized into four 216 
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groups, including nitrophenols (NPs), nitrocatechols (NCs), nitrosalicylic acids (NSAs), 217 

and nitroguaiacols (NGs) (Table S1‒S4). On average, nitrophenols and nitrocatechols 218 

are the two dominant categories, constituting approximately 43.75 ± 14.33% and 42.44 219 

± 13.46% of the total measured NACs in the investigated cities, respectively (Figure 220 

S2 and Table S1‒S2). Nitrosalicylic acids and nitroguaiacols represent relatively minor 221 

proportions, account for only 6.12 ± 2.99% and 7.69 ± 1.80% of the total NACs, 222 

respectively. The highest average concentration of total nitrophenols was observed in 223 

TY, while the peak average level of total nitrocatechols was recorded in HEB. The 224 

lowest average total nitrophenol concentration was found in GZ, whereas HZ exhibited 225 

the lowest average total nitrocatechol level. Similarly, the average total abundances of 226 

nitrosalicylic acids and nitroguaiacils also showed significant spatial variations, with 227 

the highest mean values recorded in XA and HEB, respectively, and the lowest mean 228 

values in KM and HZ, respectively. Although neither nitrophenols nor nitrocatechols 229 

reached their individual peak concentrations in XA, the average total NAC 230 

concentration was the highest in this city (Figure 1e and Table S1‒S2). Across all the 231 

investigated cities, the average concentration of total NACs was 20.09 ng m‒3, ranging 232 

from 5.55 ng m‒3 to 44.87 ng m‒3. This falls within the range reported in previous 233 

studies (Huang et al., 2024; Liu et al., 2023b; Gu et al., 2022; Cai et al., 2022; Li et al., 234 

2016). The second-highest total average NACs concentration was observed in HEB, 235 

followed by TY, XA, LZ, CD, BJ, GY, WH, HZ, KM, and GZ. For all four categories 236 

of NACs as well as the total NAC concentration, their average levels were consistently 237 

higher in northern cities than in southern cities (Figure 1a-d and Figure S3). This 238 



12 
 

spatial pattern is similar to that of PM2.5 and SO2 (typical pollutants emitted from coal 239 

combustion) (Figure 1f,g). Many previous studies have documented that the abundance 240 

of NACs in winter aerosols can be significantly influenced by primary emissions such 241 

as coal and biomass burning (Wang et al., 2017; Wang et al., 2020; Huang et al., 2023). 242 

Thus, the north-south gradient in NAC concentrations is likely closely associated with 243 

divergent air pollution levels (as indicated by PM2.5 levels) between northern and 244 

southern China, partly driven by differences in coal combustion and biomass burning 245 

intensity. 246 

 247 

 248 

Figure 1. Box and whisker plots (a-d) showing the variations in the mean 249 

concentrations of different NAC groups in PM2.5 collected in 11 Chinese cities. The 250 
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boxes represent the interquartile range (25th to 75th percentiles). The whiskers extend 251 

from the 5th to the 95th percentiles. The solid triangles inside boxes indicate the mean. 252 

(e) Average concentration distributions of detected NACs in PM2.5 during clean and 253 

polluted days in winter across 11 Chinese cities. The color blocks in the panels (f) and 254 

(g) represent the spatial variations in PM2.5 and SO2 pollution levels, respectively, 255 

across the sampled cities during the study period. The map was obtained from 256 

©MeteoInfoMap (Chinese Academy of Meteorological Sciences, China).  257 

 258 

Among nitrophenols, 4-nitrophenol (4NP) was the most abundant species, 259 

accounting for 63.21 ± 8.07% of the total measured nitrophenols in China during winter 260 

(Figure S4 and Table S1‒S4). Previous studies characterizing NACs in biomass 261 

burning emissions have reported 4NP as an important emitted species (Huang et al., 262 

2024; Wang et al., 2020; Wang et al., 2017). 4-nitrocatechol (4NC) was the dominant 263 

species among nitrocatechols. The average concentration of 4NC across all cities was 264 

7.55 ± 6.90 ng m‒3, representing 40.67 ± 12.89 % of total NACs. The emission factors 265 

for 4NC from coal combustion varied widely based on geological maturity, ranging 266 

from 8 to 3487 μg kg‒1 (Huang et al., 2023). In contrast, the emission factors of 4NP 267 

from the same coal sources were significantly lower, generally below 14 μg kg‒1 (Huang 268 

et al., 2023). The average emission factor for nitrocatechols from the combustion of 269 

biomass materials was also substantial, measured at 26.6 ± 5.40 μg kg‒1 (Huang et al., 270 

2023). These findings indicate that coal and biomass burning during winter may 271 

significantly contribute to the abundance of NACs in urban aerosols across China, 272 
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particularly exacerbating NACs pollution in northern cities. Furthermore, we observed 273 

that the 4M5NC concentrations measured in this study were lower than those reported 274 

in several previous studies conducted in winter across urban China. For example, Wang 275 

et al. (2019) measured a mean 4M5NC concentration of 0.56 ± 0.40 ng m-3 in winter 276 

PM2.5 from urban BJ, while Li et al. (2020b) reported a substantially higher mean 277 

4M5NC value of 6.50 ± 6.38 ng m-3 for wintertime urban BJ. Huang et al. (2024) further 278 

reported that mean 4M5NC concentrations in winter PM2.5 across urban China varied 279 

from 0.52 ± 0.53 ng m-3 (BJ) to 14.97 ± 9.23 ng m-3 (HEB). For Shanghai, Liu et al. 280 

(2023b) observed a wintertime 4M5NC concentration of 0.11 ± 0.15 ng m-3 in PM2.5 in 281 

suburban areas, whereas Cai et al. (2022) reported a much higher concentration of 1.32 282 

± 1.14 ng m-3 in winter PM2.5 at an urban site surrounded by multiple major traffic 283 

arterial roads. These results suggest that 4M5NC concentrations in winter PM2.5 vary 284 

widely even within the same city. This variation is expected to be largely dependent on 285 

sampling location and meteorological conditions. Presumably, the relatively low 286 

4M5NC levels in this study may be partly attributed to the absence of prominent local 287 

pollution sources (especially traffic emissions) near all sampling sites. 288 

The mass concentration fractions of various NACs were further compared between 289 

clean and polluted days (Figure 1e). It was observed that the dominant NAC groups 290 

(i.e., nitrophenols and nitrocatechols) in PM2.5 remained consistently predominant 291 

across all cities from clean to polluted periods, without being superseded by other NAC 292 

species. This pattern suggests that the main emission sources of aerosol NACs in these 293 

urban areas may not have undergone significant changes during pollution periods. In 294 
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most cities, including LZ, HEB, CD, WH, GY, HZ, KM, and GZ, the average 295 

concentrations of total NACs and dominant NAC groups showed an increasing trend 296 

from clean to polluted periods (Figure 1e and Table S1‒S4). In contrast, cities such as 297 

XA, TY, and BJ exhibited a decreasing trend in the concentrations of main NAC groups 298 

(i.e., nitrophenols). It should be noted that nitrophenols were not the primary species in 299 

GZ, and their average concentrations did not show an increasing trend from clean to 300 

polluted periods. As important contributors to haze formation, NACs would be 301 

expected to accumulate under polluted air conditions. Thus, the observed decrease in 302 

the abundance of some NAC groups on polluted days (typically associated with calm 303 

and stable weather conditions) in several cites suggests that the formation of NAC 304 

compounds may also be constrained by specific factors such as photolysis process (Liu 305 

et al., 2024; Yang et al., 2021), varied RH and ALW levels (Xiong et al., 2025; Liu et 306 

al., 2023b), and unfavorable atmospheric oxidation capacity (Wang and Li, 2021). 307 

These influencing factors will be further discussed in later sections. In general, the 308 

concentration and composition of NACs varied spatially (Figure 1 and Figure S2), 309 

which may be attributed to spatial differences in precursor sources, emission intensities, 310 

and the key factors influencing aerosol NAC formation. 311 

 312 

3.2. Temporal variations of NACs and their potential origins 313 

Figure 2 shows the time series of concentrations of various NACs and key 314 

chemical components in winter PM2.5 across northern and southern China. In northern 315 

China, the highest total NP concentration was observed in TY, whereas the highest total 316 
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NC concentration occurred in HEB (Figure 2a,c,e). In HEB, XA, and BJ, total NPs and 317 

total NCs exhibited similar variation trends (linear regression, P < 0.05), implying 318 

potentially similar sources for aerosol NPs and NCs. In TY and LZ, total NPs and total 319 

NCs also showed consistent variation patterns during most observation periods. 320 

Furthermore, NGs were significantly (P < 0.05) correlated with total NCs in all regions 321 

except TY and LZ. In southern cities, the most severe NACs pollution events were 322 

recorded in CD (Figure 2b,d,f), which may be attributed to the city’s basin topography 323 

that hinders pollutant dispersion (Liao et al., 2017). With the exception of GZ, major 324 

NAC species in southern cities exhibited similar temporal trends. In GZ, several 325 

anomalously high NC cases likely led to inconsistent variation patterns among different 326 

NAC groups. Overall, the temporal variation trends of major NAC groups at the same 327 

site were highly consistent across most Chinese cities, indicating that the sources of 328 

different NACs during winter may be similar in each city. 329 

 330 

 331 
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Figure 2. Temporal variations in (a‒f) various NAC species and (g‒l) key parameters 332 

in 11 Chinese cities. 333 

 334 

Comparison of the temporal variation patterns (Figure 2g‒j) and correlations of 335 

NACs against various combustion source tracers (Figure 3a,b) enabled the 336 

identification of their potential sources in the different cities (Huang et al., 2024; Cai et 337 

al., 2022; Wang et al., 2019; Kahnt et al., 2013). In northern cities, one or more NAC 338 

species showed consistent variation trends with indicators of biomass burning or coal 339 

combustion, including LGA, nss-K+, SO2, nss-Cl−, and C8H17O4S
− (Kahnt et al., 2013; 340 

Ma et al., 2025; Yang et al., 2025; Yang et al., 2023) (Figure 2g,i and Figure 3a). The 341 

highest frequency of significant positive correlations between various NACs and 342 

biomass or coal combustion tracers (i.e., the number of orange-red rectangles marked 343 

with asterisks in the Figure 3c) was observed in HEB (n = 17), followed by LZ (n = 344 

12), BJ (n = 10), TY (n = 7), and XA (n = 4). This suggests that the abundance of aerosol 345 
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NACs in northern cities was indeed significantly contributed by biomass and coal 346 

combustion. In most northern cities, the vehicle emission tracer C5H7O6S
− (Blair et al., 347 

2017; Wang et al., 2021) showed insignificant positive correlation with NACs (Figure 348 

3a). C5H7O6S
− only exhibited a significant positive correlation with NGs (a minor 349 

NACs component) in BJ. This suggests that the contribution of vehicle emissions to 350 

aerosol NACs in northern cities may be significantly smaller than that of biomass and 351 

coal combustion. However, this does not imply that the contribution of traffic-related 352 

precursors to secondary NACs was negligible, since only particulate-phase traffic 353 

tracers were employed in the analysis. In southern cities, the highest frequency of 354 

significant positive correlations between NACs and biomass burning or coal 355 

combustion tracers was found in KM (n = 22), followed by CD (n = 19), HZ (n = 15), 356 

GY (n = 10), WH (n = 10), and GZ (n = 5) (Figure 3b, c). Clearly, the frequency of 357 

significant positive correlations between NACs and biomass burning or coal 358 

combustion tracers was generally higher in southern China than in northern China 359 

(Figure 3). The result is fully consistent with the spatial distribution pattern shown in 360 

open fire spot maps, where southern China exhibited a higher density of fire spots 361 

compared to northern China (Figure S5). Importantly, although open fire spots are less 362 

frequent in the north, the colder climate there leads to widespread indoor use of biomass 363 

materials for heating and cooking in rural households, such as through traditional heated 364 

beds (kang). Thus, the above findings do not necessarily indicate that biomass burning 365 

released more NACs in southern China. In addition, the vehicle emission tracer 366 

C5H7O6S
− showed insignificant positive correlations with NACs in any southern cities 367 
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(Figure 3b). Given that NACs in the actual atmospheric environment are affected not 368 

only by primary emissions but also by secondary formation and removal processes, 369 

insignificant or weak correlations between various NACs and source-specific tracers 370 

do not necessarily indicate a lack of substantial influence from corresponding sources. 371 

However, the above correlation analysis can at least suggest that biomass and coal 372 

combustion play important roles in controlling aerosol NAC abundances in both 373 

northern and southern Chinese cities. 374 

 375 

 376 

Figure 3. Correlations between various NAC species and indicative parameters in (a) 377 
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northern and (b) southern cities. The colors of different solid rectangles indicate 378 

different correlation coefficients r. Symbols ‘***’, ‘**’, and ‘*’ denote P < 0.001, P < 379 

0.01, and P < 0.05, respectively. NACs are categorized into four groups, including 380 

nitrophenols (NPs), nitrocatechols (NCs), nitrosalicylic acids (NSAs), and 381 

nitroguaiacols (NGs). (c) Frequency of significant positive correlations between NACs 382 

and biomass burning or coal combustion tracers (i.e., the number of orange-red 383 

rectangles marked with asterisks in the panels a and b).  384 

 385 

In addition, it is important to note that a critical distinction should be made 386 

regarding the role of biomass and coal combustion in shaping aerosol NAC composition 387 

and abundances. These combustion sources emit both primary NACs and volatile 388 

precursors that facilitate secondary NAC formation through atmospheric reactions. 389 

Thus, even though the correlation analysis mentioned above strongly implies biomass 390 

and coal combustion (typically considered primary sources) as significant contributors 391 

to NACs in winter aerosols in China, this evidence alone cannot attribute the NAC 392 

burden predominantly to direct primary emissions. The significant contributions may 393 

be also derived from efficient secondary formation processes initiated by the precursors 394 

co-emitted from these combustion activities. 395 

 396 

3.3. Aerosol NACs dominated by secondary formation 397 

To further determine the relative contributions of secondary oxidation processes 398 

and primary emissions to the measured aerosol NACs, an approach based on a tracer 399 
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species was employed (Salvador et al., 2021; Li et al., 2019). This method is similar to 400 

the elemental carbon-tracer technique utilized for estimating secondary organic carbon. 401 

Its specific application refers to the following equation 1 (Chen et al., 2022; Liu et al., 402 

2023b; Cai et al., 2022). 403 

[NACs]sec. = [NACs]total ‒ (
[NACs]

[Tracer]
)pri. ◊ [Tracer]            (1) 404 

where [NACs]sec., [NACs]total, and [Tracer] correspond to the concentrations of 405 

secondarily formed NACs, the total measured NACs, and the tracer, respectively. 406 

Carbon monoxide served as the indicator for combustion sources. The term (
[NACs]

[Tracer]
)pri. 407 

represents the concentration ratio of NACs to carbon monoxide. This ratio was derived 408 

by fitting the lowest 15% of the observed (
[NACs]

[Tracer]
 ) values, with the underlying 409 

assumption that these data reflect periods dominated by primary emissions (Chen et al., 410 

2022). The 15% threshold was selected primarily to facilitate direct and consistent 411 

comparison with the results reported in previous studies (Liu et al., 2023b; Cai et al., 412 

2022). Theoretically, the adoption of high-frequency measurement data in the above 413 

calculation can better capture the realistic fluctuations in the [NACs]/[Tracer] ratio. In 414 

both previous relevant studies (Liu et al., 2023b; Cai et al., 2022) and the present work, 415 

12–24 h integrated observation data are commonly used for this calculation, and the 416 

resulting values largely reflect the regional average levels of secondary NACs. More 417 

importantly, given that the atmospheric lifetime of NACs is significantly shorter than 418 

that of tracer (i.e., CO), calculating the [NACs]/[Tracer] ratio using non-high-frequency 419 

data may lead to an underestimation of the actual [NACs]/[Tracer] ratio, which in turn 420 

causes an overestimation of the calculated secondary NAC fraction. Thus, the 421 
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secondary NAC values calculated in this study only represented the maximum average 422 

fractions of secondary NACs over the study period. These values were exclusively used 423 

for internal data comparison within this study, as well as for cross-comparison with 424 

results reported in previous studies that employed an analogous calculation method 425 

based on non-high-frequency observation data (Liu et al., 2023b; Cai et al., 2022). 426 

Figure 4 and Figure S6 show the contribution of secondarily formed NACs to the 427 

total measured NAC mass in PM2.5 across 11 Chinese cities. In northern cities, the 428 

proportion of secondary NACs in the particle phase was highest in XA (92%), followed 429 

by HEB (91%), BJ (87%), LZ (83%), and TY (80%) (Figure 4a and Table S5). On 430 

average, the contribution of secondarily formed NACs to the total aerosol NAC mass 431 

in the investigated northern cities was 87%, which was slightly lower than that observed 432 

in the southern cities (93%) (Figure 4b and Table S5). Among the southern cities, the 433 

maximum and minimum average secondary NAC contributions to total aerosol NACs 434 

were observed in GZ (96%) and GY (88%), respectively. Overall, the secondary 435 

formation pathway dominated the total NAC masses in PM2.5 during winter in Chinese 436 

cities. Similarly, an observational study on the secondary formation of brown carbon 437 

conducted in Chongming Island, Shanghai, also reported that the fraction of secondary 438 

NACs in PM2.5 exceeded 80% during haze episodes (Liu et al., 2023b). Another study 439 

in urban Shanghai reported that secondary formation accounted for up to 75% of total 440 

aerosol NACs in winter PM2.5 (Cai et al., 2022). These findings further corroborate the 441 

significance of secondary production in shaping aerosol NAC pollution during winter 442 

in Chinese cities.  443 
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 444 

 445 

Figure 4. (a) Average contribution of secondarily formed NACs to the total measured 446 

NAC mass in PM2.5 in different periods across 11 Chinese cities. (b) Average 447 

contribution of secondarily formed NACs to the total measured NAC mass in PM2.5 in 448 

different periods in northern and southern China. 449 

 450 

Furthermore, we observed a declining trend in the proportional contribution of 451 

secondarily formed NACs to total aerosol NACs from clean to polluted periods across 452 

all northern Chinese cities (Figure 4). This pattern suggests either an increased 453 

contribution from primary emission sources (e.g., biomass and coal combustion) to 454 

aerosol NACs, or the presence of limiting factors that suppress the yield of secondary 455 

NAC formation on polluted days. Biomass and coal combustion have been identified 456 

as significant primary sources of NACs during winter in China (Figure 3) (Salvador et 457 

al., 2021; Li et al., 2020a; Li et al., 2016); moreover, these anthropogenic activities 458 

occur regularly daily throughout the cold season. Thus, changing meteorological factors 459 

during polluted days (e.g., reduced planetary boundary layer height (PBLH) and 460 

weakened wind speed (Tables S1‒S4)) may be important drivers of aerosol NAC 461 
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accumulation. Nevertheless, the fact that the fraction of secondary NACs decreased 462 

during northern pollution episodes implies the existence of specific factors that 463 

constrained secondary NAC yields under polluted conditions. In contrast, southern 464 

cities exhibit an increasing trend in the relative abundance of secondary NACs from 465 

clean to polluted periods. This pattern may be more intuitively explained, as elevated 466 

ALW concentrations, lower PBLH, and increased NOx levels during polluted episodes 467 

can promote the secondary formation of NACs or the direct partitioning of gaseous 468 

NACs into the particle phase. Overall, aerosol NACs in China during winter were 469 

dominated by secondary processes; however, the complex factors regulating NAC 470 

formation require further differentiation between northern and southern cities. 471 

 472 

3.4. Potential promotion and constraint effects on the formation of aerosol NACs 473 

The secondary formation of NACs proceeds via gas-phase photochemical 474 

reactions and aqueous-phase processes within aerosols (Harrison et al., 2005; Yang et 475 

al., 2020). For example, the gas-phase process often begins with the oxidation of 476 

volatile aromatic precursors like benzene and toluene by ∙OH, leading to the formation 477 

of phenolic compounds (Chen et al., 2022). These phenols can further react with ∙OH 478 

during the day or with NO3∙ at night, generating phenoxy radicals (Wang and Li, 2021; 479 

Atkinson et al., 1992; Olariu et al., 2002; Olariu et al., 2013). The addition of NO2 to 480 

these radicals results in the formation of nitrophenols and nitrocatechols (Rana and 481 

Guzman, 2022). Subsequently, these NACs can partition into the aqueous-phase in 482 

aerosols. Simultaneously, phenolic compounds in aqueous-phase can also undergo 483 
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nitration (Vidović et al., 2018; Harrison et al., 2005). Thus, increased ALW levels are 484 

expected to promote the enrichment of NACs in aerosol particles. Conversely, 485 

photodegradation and enhanced atmospheric oxidation capacity can facilitate the 486 

removal of NACs. Recent field observations and chamber experiments have suggested 487 

a significant positive correlation between the concentration of particulate NACs and 488 

RH (Xiong et al., 2025); moreover, the authors proposed a previously overlooked but 489 

efficient NAC formation pathway driven by gaseous water clusters, in addition to the 490 

well-known ALW mediated processes (Xiong et al., 2025). Interestingly, recent 491 

simulations on nitrate-mediated aqueous-phase photooxidation of NACs have 492 

suggested that increasing aerosol nitrate concentrations can significantly enhance the 493 

photolysis rates of 4-nitrocatechol, 3-nitrosalicylic acid, and 3,4-dinitrophenol by 3 to 494 

3.5 times compared to nitrate-free cases (Liu et al., 2025). Consequently, we further 495 

examined the correlations between the abundance of NACs and the key factors affecting 496 

their formation (e.g., ALW, RH, radiation intensity, atmospheric oxidation capacity, and 497 

nitrate levels) in field environments (Figure 5). This approach is commonly employed 498 

in observation studies to identify the critical factors affecting the concentrations of 499 

target compounds (Yang et al., 2020; Liu et al., 2023b; Huang et al., 2023; Liu et al., 500 

2023a; Gui et al., 2025). 501 

 502 
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 503 

Figure 5. Correlations between various NAC species and factors potentially affecting 504 

their formation in (a) northern and (b) southern cities. The colors of different solid 505 

rectangles indicate different correlation coefficients r (shown inside the rectangles). 506 

Symbols ‘***’, ‘**’, and ‘*’ denote P < 0.001, P < 0.01, and P < 0.05, respectively. 507 

 508 

In most northern Chinese cities (e.g., HEB, TY, XA, and LZ), insignificant positive 509 

correlations were observed between various NACs (except NSAs) and RH; instead, 510 

negative correlations were identified between them (Figure 5a). In XA and BJ, only 511 

NSAs show a significant positive correlation with RH. Similarly, a general negative 512 

correlation trend between NACs and RH was prevalent in most southern cities (Figure 513 

5b). These field observations clearly contrasted with recently reported laboratory 514 

findings where RH was shown to significantly promote NAC formation. This indicates 515 

that NAC formation in complex real-world environments may be co-controlled by 516 

multiple factors. The correlation patterns between ALW and NACs were largely similar 517 

to those of RH across most investigated Chinese cities. However, in TY and KM, ALW 518 

showed significant positive correlations with NACs. Furthermore, we found that ALW 519 

and RH levels were generally higher on polluted days compared to clean days across 520 
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the studied cities (Figure S7 and Tables S1‒S4). However, as discussed above, the 521 

concentrations of major NAC species did not increase in some cities (Figure 1), further 522 

implying that ALW and RH were not deterministic factors for NAC accumulation 523 

during pollution episodes. Although a recent study conducted a laboratory located in 524 

XA has suggested that increased aerosol nitrate can enhance NAC photolysis (Liu et al., 525 

2025), nitrate concentrations showed a positive correlation with NACs in most 526 

investigated cities (except XA) (Figure 5). This suggests that in ambient environments, 527 

the significant positive correlation between nitrate (a common transformation product 528 

of combustion-derived NOx) and NACs likely indicates that NAC formation was 529 

closely linked to combustion emissions and NOx-involved secondary chemistry. In 530 

addition, atmospheric oxidants (e.g., O3 and ∙OH) and SR exhibited negative 531 

correlations with NACs in most northern cities. In contrast, O3, ∙OH, or SR exerted a 532 

promoting effect on NAC formation in some southern cities such as CD, WH, HZ, and 533 

GY. These distinctions underscore the necessity for region-specific assessment of NAC 534 

formation mechanisms and their drivers. 535 

To visually compare the key factors influencing the formation of aerosol NACs in 536 

northern and southern China, we pooled data from all cities in these two regions to 537 

perform Mantel test analysis and principal component analysis (PCA) (Figure 6). In 538 

both southern and northern China, only NSAs exhibited a significant correlation with 539 

ALW (Figure 6a,b). This is likely because the carboxyl group present in NSAs 540 

promotes ionization in water, thereby enhancing their solubility. Although PCA results 541 

indicate the homology of various NACs (excluding NSAs) (Figure 6c,d), the 542 
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significant promotional effects of RH and ALW on NCs, NPs, and NGs were not 543 

reflected in either the Mantel test or PCA analyses. Furthermore, in northern China, SR 544 

showed an opposite vector direction to NCs, NPs, and NGs in the PCA plot (Figure 6c), 545 

indicating a notable inhibitory effect of photodegradation on their accumulation in 546 

particles (Liu et al., 2024). During winter, the atmospheric fine particulate pollution 547 

was generally more severe in northern cities than in southern cities (Figure 1f and 548 

Tables S1‒S4), and the abundance of NACs was also greater in the north (Figure 1f 549 

and Figure S3). These findings imply that the light absorption capacity of aerosols in 550 

northern cities were stronger that in southern cities (Huang et al., 2024). This may 551 

explain why NACs in northern cities showed a significant negative correlation with SR 552 

and why the proportion of secondarily formed NACs in the total measured NACs was 553 

lower in the north than in the south, especially during pollution episodes. Additionally, 554 

the constraining effect of O3 or ∙OH on NAC formation was greater in northern China 555 

(evidenced by larger angles between them in Figure 6c) than in southern China (Figure 556 

6d). Similar conclusions can also be more intuitively obtained in the Mantel test 557 

analysis results (Figure 6a,b). Overall, our findings indicate that the promotional 558 

effects of RH and ALW on NAC formation were insignificant in field observation in 559 

China during winter. This could be attributed to the synergistic constraints of multiple 560 

factors, such as photolysis, O3, and ∙OH (Figure 7). 561 
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Figure 6. Mantel test correlation heatmap showing the interrelationships between 562 

different factors or parameters for the pooled data from (a) northern and (b) southern 563 

cities. The size of the solid square indicates the significance of the correlation between 564 

the two corresponding parameters. The larger square indicates that the correlation is 565 

more significant. The colors of the different solid circles indicate different correlation 566 

coefficients (r). The symbols ‘+’ and ‘‒’ refer to positive and negative correlations, 567 

respectively. Principal component analysis result deciphering the interrelationships 568 

among different factors or parameters for the pooled data from (c) northern and (d) 569 

southern cities. 570 

 571 
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Figure 7. Conceptual illustration showing that the secondary processes driven by multi-572 

factor interactions modulate the aerosol NAC pollution during winter in southern and 573 

northern China. The “+” and “‒” symbols indicate promoting and constraining effects, 574 

respectively.  575 

 576 

4. Conclusion and atmospheric implications 577 

To the best of our knowledge, this study presents the first simultaneous 578 

investigation of the abundances, compositions, and potential origins of NACs in PM2.5 579 

across 11 Chinese cities during winter, along with the key factors controlling their 580 

formation. On average, NPs and NCs were identified as the two predominant groups of 581 

NACs. Their relative contributions to the total NAC abundance varied by city, with 582 

either NPs or NCs being dominant depending on location. Overall, the abundance of 583 

aerosol NACs was higher in northern China compared to southern China, likely 584 

attributable to more intensive coal and biomass burning activities in the north. 585 
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Furthermore, we found that aerosol NACs in China during winter were predominantly 586 

formed via secondary processes. However, the proportion of secondarily formed NACs 587 

in the total measured NACs was lower in the north than in the south. This north-south 588 

difference was further amplified during polluted periods. 589 

The significant promotional effects of RH and ALW on NCs, NPs, and NGs were 590 

not observed in either northern or southern China. Only NSAs showed a significant 591 

positive correlation with ALW across both regions. Furthermore, the constraining 592 

effects of O3, ∙OH, or SR on NAC formation were more pronounced in northern China 593 

compared to southern China. This may have attenuated the promotional effects of RH 594 

and ALW on NAC formation (Figure 7). Previous observational and simulation studies 595 

have emphasized the significant promotional role of RH and/or ALW in the formation 596 

of aerosol nitrogen-containing organic compounds (including NACs) (Xiong et al., 597 

2025; Xu et al., 2020b; Ma et al., 2025). However, this large-scale observational study 598 

suggests that the generalizability of such RH- and ALW-regulated promotional effects 599 

on NAC formation in real atmospheric environments requires further validation. We 600 

acknowledge that individual factors (e.g., RH or ALW) play a crucial role in governing 601 

aerosol NAC formation. Nevertheless, field environments are often more complex than 602 

laboratory-simulated scenarios. Thus, the overall results highlight that future 603 

investigations into NAC formation mechanisms should consider the impacts of multi-604 

factor interactions. 605 
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