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Abstract 21 

Secondary organic aerosol (SOA) is a major component of fine particulate matter, yet 22 

its molecular-level characterization remains challenging. Here, we systematically 23 
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evaluated the performance of a Volatilization Inlet for Aerosols coupled with nitrate 24 

chemical ionization mass spectrometry (VIA-NO3-CIMS), including particle 25 

transmission, volatilization behavior, quantitative response, and operational stability. 26 

Following instrument characterization, the first field deployment of VIA-NO3-CIMS 27 

was conducted at the SORPES station in Nanjing, eastern China. A high-confidence 28 

dataset containing 1,695 particle-phase oxygenated organic molecules (OOMs) was 29 

established. The summed OOM concentration correlated strongly with AMS-derived 30 

organic aerosol concentrations (r = 0.88), demonstrating the quantitative capability of 31 

VIA–NO3–CIMS. Compared with gas-phase species, particle-phase OOMs exhibited 32 

larger carbon numbers, higher unsaturation, and lower volatility, with low-volatility 33 

compounds dominating the particle phase. Positive matrix factorization resolved seven 34 

SOA factors, including three biogenic-dominated, two anthropogenic-dominated, one 35 

regional background, and one pollution-episode factor. These factors contributed 36 

approximately 36.5%, 35.4%, 15.6%, and 12.1% of the total particle-phase OOM signal, 37 

respectively. Their molecular characteristics and temporal behaviors indicate important 38 

influences from daytime photochemistry, nighttime NO3 oxidation, regional transport, 39 

and episodic pollution accumulation. Factor contributions evolved systematically with 40 

PM2.5, with freshly formed SOA dominating under clean conditions and the pollution-41 

episode factor becoming increasingly important as pollution levels increased, 42 

eventually dominating under the most polluted conditions. These results demonstrate 43 

that VIA-NO3-CIMS enables quantitative molecular-level characterization and source 44 

apportionment of particle-phase SOA, providing new insights into the composition and 45 

evolution of urban organic aerosols. 46 

 47 

1、Introduction 48 

Organic aerosol (OA) exerts profound impacts on air quality, human health, and climate 49 

by perturbing Earth’s radiative balance and cloud microphysics (Jimenez et al., 2009; 50 

Lelieveld et al., 2015; Shrivastava et al., 2017). In urban China, secondary organic 51 
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aerosol (SOA) has increasingly emerged as the dominant OA component over the past 52 

decade, with formation governed by region-specific chemistry (Hallquist et al., 2009; 53 

Huang et al., 2014; Huang et al., 2025). SOA formation involves coupled multi-phase 54 

processes: gas-phase oxidation by OH, O3, and NO3 produces low-volatility products 55 

that partition into the particle phase, and condensed-phase reactions—including 56 

aqueous and acid-catalyzed chemistry, accretion, and oligomerization—further modify 57 

composition, oxidation state, and volatility (Jang et al., 2002; Kroll & Seinfeld, 2008; 58 

Zhang et al., 2015; Kenseth et al., 2023). The relative importance of these pathways 59 

depends on volatile organic compound (VOC) precursor identity, oxidant 60 

concentrations, aerosol liquid water content, particle acidity, and NOx levels, leading 61 

to substantial spatiotemporal variability in source attribution and formation pathways 62 

(Ng et al., 2007; Zhao et al., 2018; Pye et al., 2020).  63 

Over the past two decades, the high-resolution time-of-flight aerosol mass spectrometer 64 

(HR-ToF-AMS, hereafter AMS) has been widely used to study OA (DeCarlo et al., 65 

2006; Canagaratna et al., 2007; Jimenez et al., 2009; Lee et al., 2013). The electron 66 

impact ionization at 70eV allows for complete ionization of non-refractory PM1 (NR-67 

PM1), and thus AMS can provide an accurate quantification of OA. Positive matrix 68 

factorization (PMF) applied to AMS measurements typically resolves several 69 

environmentally meaningful OA factors, including hydrocarbon-like OA (HOA), 70 

cooking OA (COA), biomass burning OA (BBOA), and oxygenated OA (OOA), the 71 

latter often further separated into less oxidized (LO-OOA) and more oxidized (MO-72 

OOA) components (Sun et al., 2013; Wang et al., 2016). However, because AMS relies 73 

on electron-impact (EI) ionization, extensive molecular fragmentation occurs, and the 74 

resulting factors mainly reflect bulk chemical properties rather than molecular-level 75 

composition. Consequently, these factors can describe average oxidation state and 76 

volatility, but are generally not source-specific or process-specific. This limitation 77 

remains a major obstacle toward process-level understanding of SOA formation. 78 

To overcome this limitation, a suite of molecular-level mass spectrometric techniques 79 

has been developed to provide enhanced chemical resolution of aerosol speciation (Li 80 
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et al., 2023; Sun et al., 2025). The Filter Inlet for Gases and AEROsols (FIGAERO) 81 

coupled with Iodide chemical ionization mass spectrometry (I-CIMS) has been widely 82 

applied to probe SOA volatility distributions and composition by sequentially thermally 83 

desorbing filter-collected particles (Lopez-Hilfiker et al., 2014; Buchholz et al., 2020; 84 

Voliotis et al., 2021). This approach provides valuable molecular information, although 85 

its time resolution is constrained by filter collection and desorption cycles, and thermal 86 

decomposition or interfacial reactions may influence observed signals (Stark et al., 87 

2017; Yang et al., 2021). Extractive electrospray ionization mass spectrometry (EESI-88 

MS) provides near-real-time detection of particle-phase constituents without requiring 89 

particle collection and thermal desorption steps (Lopez-Hilfiker et al., 2019; Lee et al., 90 

2022). While EESI-MS offers high time resolution and minimizes thermal artifacts, 91 

ionization selectivity, matrix effects, high background signal, and quantitative 92 

calibration remain challenging. Notably, these techniques rely on different reagent ions 93 

and ionization mechanisms, which inherently affect molecular selectivity and 94 

sensitivity. Consequently, intercomparison among particle-phase molecular 95 

measurement methods, as well as consistency between particle- and gas-phase 96 

oxygenated organic molecules (OOMs) composition, remains challenging.  97 

A recent development is the Volatilization Inlet for Aerosols (VIA) coupled with nitrate 98 

chemical ionization mass spectrometry (NO3-CIMS), in which submicron particles can 99 

be volatilized in real time and ionized by NO3- reagent ions in prior to mass 100 

spectrometric detection (Häkkinen et al., 2023; Zhao et al., 2024). By employing 101 

controlled heating and a short residence time (~0.1 s), VIA minimizes thermal-102 

desorption artifacts and secondary decomposition during volatilization (Häkkinen et al., 103 

2023; Zhao et al., 2024). More importantly, this system uses the same nitrate reagent 104 

ion (NO3-) to detect OOMs in the particle phase, enabling direct comparison with gas-105 

phase OOMs widely measured by nitrate CIMS (Liu et al., 2021; Nie et al., 2022; Liu 106 

et al., 2023; Yuan et al., 2024; Yin et al., 2025). By eliminating systematic biases 107 

associated with different ionization schemes, this approach provides a unified 108 

molecular framework for investigating gas–particle partitioning and compositional 109 
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differences. Such capability is critical for identifying authentic phase-dependent 110 

chemical signatures and for constraining the processes governing SOA formation, aging, 111 

and phase evolution. 112 

In this study, we present the first field deployment of VIA-NO3-CIMS in Nanjing, 113 

eastern China, alongside parallel HR-ToF-AMS measurements, to investigate the 114 

molecular composition, gas–particle partitioning behavior, and source contributions of 115 

particle-phase OOMs. Prior to field application, key performance characteristics—116 

including particle transmission efficiency, volatilization behavior, and quantitative 117 

response—were systematically evaluated to ensure reliable molecular-level 118 

observations under ambient conditions. Using this validated system, the molecular 119 

composition and chemical characteristics of particle-phase OOM were 120 

comprehensively characterized and compared with their gas-phase counterparts, 121 

revealing distinct molecular signatures associated with gas–particle partitioning and 122 

atmospheric aging. Molecular-level source apportionment using PMF further resolved 123 

multiple SOA factors associated with biogenic, anthropogenic, and regionally aged 124 

sources. These findings demonstrate that VIA-NO3-CIMS enables robust molecular-125 

level characterization of particle-phase organics, providing a chemically resolved 126 

framework for understanding SOA sources, formation pathways, and atmospheric 127 

evolution in urban environments.  128 

2、Method 129 

2.1 Sampling site  130 

Field observations were conducted from 17 September to 11 October 2024 at the Station 131 

for Observing Regional Processes of the Earth System (SORPES; 32°07′14″ N, 132 

118°57′10″ E) at Xianlin Campus of Nanjing University. This station is ∼20 km 133 

northeast to the downtown Nanjing and commonly considered as a sub-urban station. 134 

The site sits on a small, vegetation-covered hill and is directly influenced by local 135 

biogenic emissions. Depending on meteorological conditions, the site can also be 136 
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intermittently affected by urban air masses transported from downtown Nanjing. This 137 

location, situated at the interface between urban and vegetated environments, provides 138 

an ideal platform for investigating secondary organic aerosol formation influenced by 139 

both anthropogenic and biogenic precursors. Detailed descriptions of the station are 140 

available in previous studies (Nie et al., 2015; Ding et al., 2016; Liu et al., 2021). 141 

2.2 Instrumentation 142 

2.2.1 VIA-NO3-CIMS 143 

An online Volatilization Inlet for Aerosols (VIA) coupled with a nitrate chemical 144 

ionization mass spectrometer (NO3-CIMS) was used to measure OOMs in the particle 145 

phase. As illustrated in Fig. 1, the core components of the VIA-NO3-CIMS system 146 

include a background-switching module, a gas-phase denuder, an evaporation tube, a 147 

sheath-flow unit, and a NO3-CIMS. 148 

 149 

Figure 1. Schematic of the experimental setup, comprising (1) Particle and background 150 

switching unit, (2) a gas-phase denuder, (3) a vaporization tube, (4) a sheath flow unit, 151 

and (5) a NO3-CIMS. The blue arrows indicate the sampling flow direction. Note that 152 

the figure is not drawn to scale. 153 

At the upstream end of the sampling line, a high-efficiency particulate air (HEPA) filter 154 

was installed in parallel and switched into the main sampling stream every 10 minutes 155 

via a solenoid valve to enable automated background measurements. The aerosol flow 156 

then passed through a ~4 cm honeycomb activated carbon denuder to remove 157 
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interfering gas-phase species. Reported performance for such denuders is 97–99.9 % 158 

VOC removal with > 90 % transmission for particles > 50 nm (Häkkinen et al., 2023; 159 

Zhao et al., 2024). Downstream of the denuder, the aerosol entered a 40 cm-long, ¼ inch 160 

i.d. Sulfinert®-coated stainless-steel heating tube, externally wrapped with a heating 161 

tape and insulated with glass wool. Measurements using ambient aerosol particles 162 

showed that the total particle-phase OA signal increased with temperature and reached 163 

a maximum at 300 °C (Fig. S1a). Therefore, 300 °C was selected as the operating 164 

temperature for all subsequent field measurements. To quantitatively assess the 165 

volatilization efficiency under the operating conditions used here, size-selected ambient 166 

aerosol particles were introduced into the VIA and particle volume loss upon heating to 167 

300 °C was evaluated using SMPS measurements. These experiments indicate that, on 168 

average, approximately 70 % of particle-phase organic material was volatilized, with 169 

weak size dependence across the investigated diameter range (50–470 nm; Fig. S2). 170 

Accordingly, VIA-derived particle-phase organic signals are interpreted as representing 171 

the volatilized fraction of condensed-phase oxygenated organics under these optimized 172 

conditions. The resulting vapor flow immediately entered a 5 cm cooling tube, and was 173 

merged coaxially into a 45 cm transfer line directed toward the ion source. A 6 L min⁻¹ 174 

flow of N2 was introduced at this point to facilitate rapid cooling, suppress condensation 175 

and thermophoretic losses, and meet the high total flow requirements of the NO3-CIMS 176 

system.  177 

Detection was performed using an Atmospheric Pressure interface Time-of-Flight (APi-178 

ToF) mass spectrometer coupled to an Eisele-type NO3- chemical ionization source 179 

(Aerodyne Research Inc. and Tofwerk AG). The sampling flow was set to 8.7 L min-1, 180 

with an additional 25.5 L min-1 sheath flow introduced at the ion source to minimize 181 

wall losses. In the X-ray ionizer region, NO3- ions generated from HNO3 clustered with 182 

or abstracted a proton from the evaporated neutral molecules, forming [M·NO3]- or [M-183 

H]- ions that were subsequently detected by the ToF analyzer. The fundamental 184 

principles of the NO3-CIMS technique have been described in detail in previous studies 185 

(Junninen et al., 2010; Jokinen et al., 2012). A more detailed discussion of the 186 
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characterization and operating conditions of the VIA–NO3–CIMS system is provided 187 

in Supplementary Information Sect. S1. 188 

2.2.2 HR-ToF-AMS 189 

A high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS; Aerodyne 190 

Research Inc.) equipped with a PM1 aerodynamic lens was deployed at SORPES to 191 

quantify the chemical composition of non-refractory submicron particulate matter (NR-192 

PM1)—namely organic aerosol (OA), nitrate (NO3-), sulfate (SO42-), ammonium (NH4+), 193 

and chloride (Cl-). Ambient air was drawn through a ∼2 m stainless-steel inlet, dried by 194 

a Nafion tube (relative humidity < 40 %), and passed through a 100 μm critical orifice 195 

into the aerodynamic lens, which focuses particles with vacuum-aerodynamic 196 

diameters of ∼35–1000 nm into a narrow beam. After size characterization in the 197 

particle time-of-flight (PToF) region, particles impinged on a ∼600 °C tungsten 198 

vaporiser and were flash-vaporised. The vapours were ionised by 70 eV electron impact 199 

and analysed in V-mode (m/Δm ≈ 2000–3000) at 2 min time resolution. Instrument 200 

response was calibrated with size-selected 300 nm ammonium nitrate to determine the 201 

ionisation efficiency (IE). Default relative ionisation efficiencies (RIEs) of 1.4 (OA), 202 

1.1 (NO3-), 1.3 (SO42-), 4.5 (NH4+), and 1.3 (Cl-) were applied, and a constant collection 203 

efficiency (CE) of 0.5, typical for ambient conditions, was assumed. Data were acquired 204 

with TofDAQ and processed using SQUIRREL v1.60P and PIKA v1.20P in Igor Pro 205 

8.04. 206 

2.2.3 Others instrumentation 207 

A Vocus CI-ToF (Tofwerk AG) was deployed for high-time-resolution monitoring of 208 

VOCs. Meteorological parameters—air temperature, relative humidity, wind speed and 209 

direction, and surface pressure—were obtained from the SORPES automatic weather 210 

station. Since on-site gas measurements were not available during the observation 211 

period, the concentrations of PM2.5, NO2, and O3 were obtained from the “Xianlin 212 

University Town” site, located approximately 2 km from SORPES (straight-line 213 
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distance), and downloaded from the National Urban Air Quality Real-time Publishing 214 

Platform maintained by the China National Environmental Monitoring Center 215 

(https://air.cnemc.cn:18007/). A comparison of trace gas concentrations between the 216 

two sites were conducted using an overlapping period. The two datasets showed high 217 

correlations (r = 0.81–0.91) (Fig. S3), indicating that the substituted dataset is 218 

representative. Aerosol liquid water content (ALWC) was calculated with the 219 

ISORROPIA II thermodynamic equilibrium model. This comprehensive, high-220 

resolution observational dataset provides a robust basis for investigating the chemical 221 

composition, sources, and transformation processes of atmospheric aerosols. 222 

2.3 Source apportionment methods 223 

To investigate the sources and chemical characteristics of OA, PMF analysis was 224 

independently performed on the high-resolution AMS mass spectra and the molecular-225 

level VIA-NO3-CIMS measurements. Positive matrix factorization (PMF) serves as the 226 

underlying receptor model. It decomposes complex mixtures into interpretable factors 227 

on the basis of their temporal and compositional variability, without requiring prior 228 

source profiles (Paatero & Tapper, 1994). Separate PMF analyses were conducted for 229 

the AMS and VIA-NO3-CIMS datasets using the multilinear engine ME-2 230 

implemented in Source Finder (SoFi v6.8) (Canonaco et al., 2013). The ME‑2 231 

framework further allows the incorporation of a priori constraints—such as tracer 232 

signatures or known temporal patterns—thereby enhancing the robustness and 233 

interpretability of the resolved factors. 234 

Mathematically, the observed data matrix X is approximated as: 235 

𝑋!×# = 𝑇𝑆!×$ ×𝑀𝑆$×# + 𝐸!×#  (1) 236 

where TS represents the time series of the factors, MS denotes their spectral profiles, 237 

and E is the residual matrix. To account for measurement uncertainty, a weighted cost 238 

function Q is defined as: 239 
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𝑄 = ∑ ∑ ,%!"
&!"
-
'

#
()*

!
+)*  (2) 240 

The solution quality is assessed by comparing Q to its theoretical value Qexp, given by: 241 

𝑄,-$ = 𝑚 × 𝑛 − 𝑝 × (𝑚 + 𝑛) (3) 242 

A good model fit is indicated when Q/Qexp approaches 1 and residuals are randomly 243 

distributed. The optimal number of factors was determined based on a combination of 244 

statistical diagnostics (e.g., Q/Qexp and residual distributions) and the interpretability 245 

and physical meaningfulness of the resolved factors. 246 

2.4 The establishment of the oxygenated organic molecules dataset 247 

2.4.1 Identification of oxygenated organic molecules 248 

During this campaign, background and sample spectra were acquired in alternating 10-249 

min cycles. Raw mass spectral data were first averaged to 10-min time resolution using 250 

tofTools (Junninen et al., 2010). Mass calibration was then applied to the entire dataset 251 

to ensure accurate mass assignment and consistent peak alignment across all spectra. 252 

Following mass calibration, background spectra obtained during HEPA-filter sampling 253 

periods were subtracted from the corresponding sample spectra to isolate particle-phase 254 

signals and remove residual gas-phase and instrumental background contributions. To 255 

robustly identify chemically meaningful peaks in the high-resolution mass spectra and 256 

to construct the OOM dataset, the bin-PMF approach was applied (Zhang et al., 2019). 257 

In this method, mass spectral signals were first linearly interpolated onto a uniform m/z 258 

grid with a resolution of 0.001 Th. For each nominal integer mass, signals were 259 

subsequently re-binned within a −0.25 to +0.45 Th window using a bin width of 0.004 260 

Th. Only regions containing valid signal were retained, thereby excluding noise-261 

dominated or empty m/z regions. This procedure resulted in approximately 175 bins per 262 

nominal mass interval, substantially reducing data dimensionality while preserving 263 

high-resolution spectral structure. 264 

Based on this processing, a bin × time data matrix and its corresponding uncertainty 265 
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matrix were constructed and used as input for PMF analysis without a priori constraints. 266 

High-resolution peak fitting was subsequently performed on the PMF factor profiles 267 

using tofTools to assign molecular formulas and resolve individual spectral features. 268 

Peaks that consistently appeared across multiple factors and exhibited stable signal 269 

characteristics were identified as high-confidence molecular features. These features 270 

were then used to reconstruct a robust particle-phase OOM dataset for subsequent 271 

molecular characterization, source apportionment, and quantitative analysis. Detailed 272 

descriptions of data processing procedures, matrix construction, and PMF configuration 273 

are provided in Supplementary Information Sect. S3. 274 

2.4.2 Quantification of oxygenated organic molecules 275 

To enable quantitative interpretation of the VIA-NO3-CIMS measurements, instrument 276 

signals were first normalized to the total reagent ion signal. The concentration of each 277 

OOM was calculated as: 278 

[𝑂𝑂𝑀+]!./,0 = 𝑙𝑛(1 + ∑ [334!∙(783#)$∙83#%:(334!	;7)%]'
$()

∑ [(783#)$∙83#%]*
$()

) ∙ 𝐶 (4) 279 

The numerator includes both the nitrate-adduct channels 	𝑂𝑂𝑀+ ∙ (𝐻𝑁𝑂=)# ∙ 𝑁𝑂=; 280 

(n=0,1) and the deprotonated channel (𝑂𝑂𝑀+	 − 𝐻);, the denominator represents the 281 

total nitrate reagent ion signal, and C denotes the calibration coefficient.  282 

The corresponding mass concentration was then obtained by: 283 

[𝑂𝑂𝑀+]?@/!# =	 [𝑂𝑂𝑀+]!./,0 ×	
4B
8+
	× 10*'   (5) 284 

where MW is the molecular weight (g mol⁻¹) and 𝑁C	is Avogadro’s number. 285 

Following conventional approaches, the calibration coefficient C was determined using 286 

sulfuric acid. Specifically, the normalized sulfuric acid signal measured by VIA-NO3-287 

CIMS was compared with particulate sulfate concentrations measured by AMS. A 288 

strong correlation was observed (r = 0.88; Fig. S7a), and linear regression (forced 289 

through the origin) yielded a slope of 5.99 μg m-3 per normalized signal unit, 290 
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corresponding to 3.68×1010 molecules cm-3. 291 

Applying this calibration, the summed particle-phase OOM signal accounted, on 292 

average, for approximately 22% of the SOA measured by AMS (Fig. S7b). This 293 

relatively low apparent mass fraction primarily reflects the intrinsic selectivity of nitrate 294 

chemical ionization, which preferentially detects highly oxygenated, low-volatility 295 

organic compounds, while exhibiting reduced sensitivity toward less oxidized or semi-296 

volatile species. Furthermore, due to the fixed desorption temperature used in the VIA 297 

operation, while individual compounds may exhibit different Tmax values, some 298 

species may not be fully desorbed, potentially leading to an underestimation of their 299 

concentrations. Furthermore, we cannot exclude the possibility of thermal 300 

decomposition during the desorption process. While this effect is generally considered 301 

limited under the current operating conditions, its presence may still contribute to an 302 

underestimation of more volatile and thermally labile compounds. 303 

Consequently, VIA-NO3-CIMS quantifies a chemically specific subset of SOA, and the 304 

derived contribution should be interpreted as a conservative lower-bound estimate of 305 

particle-phase organic mass detectable by this technique. Nevertheless, a strong 306 

correlation was observed between total OOM mass concentration and SOA 307 

concentration (r = 0.88; Fig. S7c), indicating that VIA-NO3-CIMS effectively captures 308 

the temporal variability of major SOA sources. 309 

3 Results and discussion 310 

3.1 Campaign overview and OA bulk properties 311 

During the observation period, meteorological conditions and trace gas concentrations 312 

reflected characteristics typical of the late-summer to early-autumn transition in eastern 313 

China (Fig. 2a–c). The mean temperature was 21 ± 4 °C and relative humidity 68 ± 314 

15 %, with synchronous increases during several high-humidity episodes. Wind speeds 315 

were generally below 3 m s-1, with occasional peaks up to ∼4 m s-1, and wind directions 316 
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shifted frequently between southerly and northerly sectors, indicating variable air-mass 317 

origins. Daytime O3 concentrations increased markedly due to photochemical 318 

production, averaging 37.5 ± 21 ppb with peaks up to 105 ppb, whereas NO2 exhibited 319 

multiple nighttime and early-morning maxima, with a campaign-average concentration 320 

of 11.9 ± 7.47 ppb. Overall, O3 and NO2 were negatively correlated (r ≈ −0.46), 321 

reflecting active photochemical processing. Daytime NO2 depletion was associated 322 

with enhanced boundary-layer mixing and photochemical oxidation, while nighttime 323 

O3 depletion primarily resulted from titration by freshly emitted NO under shallow 324 

boundary-layer conditions. These conditions indicate an active photochemical 325 

environment conducive to secondary organic aerosol formation. 326 

Figure 2. Overview of meteorological conditions, trace gases, and fine-particle 327 

composition during the campaign. (a) Relative humidity (RH, purple) and temperature 328 

(T, red). (b) Wind speed (WS) colored by wind direction (WD). (c) Nitrogen dioxide 329 

(NO2, blue) and ozone (O3, magenta). (d) PM2.5 (black) and PM1 chemical species: 330 

organics (Org), sulfate (SO42-), nitrate (NO3-), ammonium (NH4+), and chloride (Cl-); 331 

inset: correlation between PM1 and PM2.5. (e) Percentage contributions of PMF-332 

resolved OA factors: POA, LO-OOA1, MO-OOA1, LO-OOA2, and MO-OOA2. 333 
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Several light pollution episodes were observed during the observation period, as 334 

indicated by the increases in fine-particle mass concentrations (Fig. 2d). PM1 and PM2.5 335 

co-varied closely (r2 = 0.70), with two pronounced accumulation events occurring on 336 

26 September and 8 October. The campaign-average PM1 concentration was 15 ± 9 µg 337 

m-3, with a maximum of 50 µg m-3, indicating that submicron particles dominated fine 338 

particulate mass and likely represented the major reservoir of secondary organic aerosol. 339 

In terms of chemical composition (Fig. 2d), organic aerosol (OA) was the dominant 340 

PM1 component, contributing 50 ± 12 % on average, followed by sulfate (20 ± 8 %), 341 

nitrate (16 ± 9 %), and ammonium (12 ± 3 %), while chloride accounted for only 2 ± 342 

1 %. This composition is characteristic of secondary aerosol-dominated conditions 343 

commonly observed at suburban sites in eastern China. 344 

PMF applied to the AMS data resolved OA into one primary OA (POA) factor and four 345 

SOA factors (Fig. 2e). Detailed information on the AMS-PMF analysis is provided in 346 

the Supplementary Information Sect. S5. As shown in Fig. S13, SOA dominated OA 347 

composition, accounting for 80 ±11 % on average, increasing to 83 ± 10% during 348 

photochemically active daytime periods and remaining elevated (77 ± 11 %) at night. 349 

The predominance of SOA highlights the critical role of secondary formation processes 350 

in shaping aerosol composition and provides a strong foundation for subsequent 351 

molecular-level characterization and source apportionment using VIA-NO3-CIMS 352 

measurements. 353 

3.2 Molecular characteristics of particle-phase OOMs measured by VIA-NO3-354 

CIMS 355 

3.2.1 Overall Chemical characteristic of particle-phase OOMs 356 

During the observation period, VIA-NO3-CIMS detected 1,695 oxygenated organic 357 

compounds (Fig. 3) with carbon numbers ranging from C3 to C20, with an overall 358 

average concentration of 1.71 μg m-3 based on the empirical calibration described in 359 

Sect. 2.5.2. These compounds were grouped into three classes: nitrogen-free organics 360 
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(CHO; 1,010 species; mean 1.16 μg m-3), mononitrogen-containing organics (CHON; 361 

467 species; 0.54 μg m-3), and dinitrogen-containing organics (CHON2; 218 species; 362 

0.09 μg m-3). By number of species, CHO dominated (60%), followed by CHON (27%) 363 

and CHON2 (13%). By mass concentration, CHO contributed 69.8% of the total 364 

detected organics, with CHON and CHON2 accounting for 25.2% and 4.9%, 365 

respectively. As shown in Fig. S14, the O/C–H/C distribution indicates that CHO and 366 

CHONx (x = 1, 2) primarily occupy O/C = 0.1–1.0 and H/C = 0.5–2.0, consistent with 367 

the coexistence of highly oxidized polyhydroxyl species and relatively less oxidized 368 

hydrocarbon-like derivatives, reflecting a broad range of oxidation states. Overall, CHO 369 

dominates both in species richness and signal strength, whereas nitrogen-containing 370 

organics, though less abundant, exhibit more distinctly high-oxidation signatures. 371 

Figure 3. Mass defect versus m/z distribution of particle-phase OOMs measured by 372 

VIA-NO3-CIMS under a fixed desorption temperature of 300 °C. Each point represents 373 

an individual compound, colored by elemental composition (CHO, CHON, and 374 

CHON2), with marker area proportional to its average concentration. 375 

A predominance of CHO species has also been reported in previous field observations 376 

employing different ionization techniques, including EESI and FIGAERO-based 377 
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approaches (Ye et al., 2021; Ge et al., 2024). Although ionization selectivity can 378 

influence the relative detection efficiency of certain compound classes, particularly 379 

nitrogen-containing species, these independent observations consistently reported 380 

CHO-dominated particle-phase compositions. This consistency across measurement 381 

techniques suggests that the observed CHO dominance is unlikely due to the selectivity 382 

of nitrate chemical ionization but instead, reflects a general characteristic of ambient 383 

secondary organic aerosol. 384 

3.2.2 Compositional differences between particle-phase and gas-phase OOMs 385 

Figure 4. Comparison of elemental distributions between particle-phase OOMs 386 

(colored bars) and low-volatility gas-phase OOMs (LVOC, ELVOC, and ULVOC; 387 

black open squares) measured by VIA-NO3-CIMS. Panels show the relative intensity 388 

distributions as a function of (a) carbon number, (b) nitrogen number, (c) effective 389 

oxygen number, and (d) double bond equivalent (DBE). The effective oxygen number 390 

is defined as Oeff=O−2N to account for oxygen atoms associated with nitrate functional 391 

groups (–ONO2). 392 
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To elucidate the connection between SOA formation and OOM condensation, we 393 

compared the compositions of particle-phase OOMs with a gas-phase reference dataset. 394 

It should be noted that this reference dataset was not collected concurrently with the 395 

present measurements, but originates from a different year under comparable seasonal 396 

conditions. Therefore, the gas-phase OOM dataset is used here to provide a 397 

representative reference for examining general phase-dependent molecular 398 

characteristics, rather than for quantifying instantaneous gas–particle partitioning. The 399 

consistency of meteorological parameters and gas-phase characteristics between the 400 

two periods is discussed in Supplementary Information Sect. S7.  For the analyses 401 

presented in this section, volatility was estimated using a volatility basis set (VBS) 402 

framework based on molecular composition. Specifically, the effective saturation 403 

concentration (C*) of each compound was estimated following parameterizations 404 

derived from elemental composition  (Donahue et al., 2011), and compounds were 405 

subsequently assigned to volatility bins. Detailed calculation procedures and parameter 406 

settings are provided in the Supplementary Information Sect. S8.  407 

As shown in Fig. 4, clear disparities can be observed between particle-phase OOMs and 408 

low-volatility gas-phase OOMs, including low-volatility organic compounds, 409 

extremely low-volatility organic compounds, and ultra-low-volatility organic 410 

compounds (black squares), which represent the gas-phase species most likely to 411 

contribute to SOA formation through condensation. Generally, low-volatility gas-phase 412 

OOMs are characterized by smaller carbon skeletons with 𝑛D ≤ 10 for major peaks, 413 

effective oxygen numbers (𝑛3,,FF) mainly concentrated around 5–6, and DBE values 414 

generally ≤ 3. In addition, nitrogen-containing species are more abundant in the gas 415 

phase, with appreciable contributions from compounds containing at least one nitrogen 416 

atoms. These features reflect an anthropogenic dominance nature (e.g., high 417 

anthropogenic VOC and high NOx), which are consistent with the results in most 418 

studies in urban environment (Guo et al., 2022; Nie et al., 2022; Zheng et al., 2023; An 419 

et al., 2024). Comparatively, particle-phase compounds exhibit distinctly larger and 420 

more structurally complex molecular characteristics. The carbon number distribution 421 
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shows a unimodal peak centered at 𝑛D 	≈ 10 (predominantly 8–12); effective oxygen 422 

numbers are mainly in the range of 6–8; DBE values are also obviously elevated, with 423 

most particle-phase OOMs falling between 3 and 5, indicating increased structural 424 

unsaturation and functional complexity; nitrogen-containing species are substantially 425 

less abundant in the particle phase compared to the gas phase.  426 

Although condensation of low-volatility gas-phase OOMs are known to significantly 427 

contribute to SOA mass augmentation, these systematic chemical differences clearly 428 

suggest that SOA formation involves more complicated processes than OOMs 429 

condensation, reflecting continued chemical evolution within the condensed phase. For 430 

molecules originated from gas-to-particle conversion, subsequent multiphase chemical 431 

processes, such as oxidation, oligomerization, and accretion reactions, can promote the 432 

formation of larger, more oxygenated, and lower-volatility products relative to their 433 

gas-phase precursors. Moreover, the depletion of nitrogen-containing compounds in the 434 

particle phase suggests efficient chemical losses affecting organic nitrates. Aerosol-435 

phase hydrolysis of organic nitrates (RONO2) may be a major loss pathway, converting 436 

nitrate-containing species into non-nitrate CHO compounds while releasing HNO3 437 

and/or forming more volatile products that repartition to the gas phase (Hu et al., 2011; 438 

Bean & Hildebrandt Ruiz, 2016; Morales et al., 2021). In addition to hydrolysis, recent 439 

laboratory and field studies have demonstrated that photolysis—both direct in the gas 440 

phase and multiphase within aerosol or aqueous media—can also represent a significant 441 

loss pathway for organic nitrates. Such photochemical degradation promotes the 442 

cleavage of the –ONO2 functional group, thereby accelerating the transformation of 443 

CHON species into CHO compounds and further contributing to the depletion of 444 

particulate organic nitrates (Gen et al., 2022; González-Sánchez et al., 2023; Wang et 445 

al., 2023). 446 

Building on the compositional comparison between particle-phase OOMs and low-447 

volatility gas-phase OOMs described above, we further examined the volatility 448 

distributions of the complete gas-phase and particle-phase OOM datasets across the full 449 

volatility spectrum to assess whether the observed phase-dependent contrasts can be 450 
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explained solely by gas–particle partitioning. As shown in Fig. 5a, the effective 451 

saturation concentration (C*) distributions differ substantially between the gas and 452 

particle phases. In the gas phase, compounds are predominantly distributed in the 453 

SVOC range, with the largest contributions occurring at C* values around 1 μg m-3. 454 

The corresponding pie chart (Fig. 5b) shows that SVOC accounts for 49% of the gas-455 

phase fraction, followed by LVOC (32%) and IVOC (11%), whereas ELVOC and 456 

ULVOC contribute only minor fractions (7% and 2%, respectively). In contrast, the 457 

particle phase is strongly enriched in low-volatility compounds. ELVOC and ULVOC 458 

contribute 35% and 30%, respectively, and LVOC represents an additional 27% of the 459 

total particle-phase fraction (Fig. 5c). Together, these three low-volatility classes 460 

constitute more than 90% of the particle-phase mass, whereas SVOC and IVOC account 461 

for only minor contributions (5% and 3%, respectively).  462 

Figure 5. Volatility distributions of OOMs in the gas and particle phases. (a) Mass 463 

contribution of OOMs as a function of effective saturation concentration (C*) in the gas 464 

phase (red) and particle phase (blue). Shaded regions indicate ultra-low-volatility 465 

(ULVOC), extremely low-volatility (ELVOC), low-volatility (LVOC), semi-volatile 466 

(SVOC), and intermediate-volatility (IVOC) compounds. (b) Relative contributions of 467 

different volatility classes to total gas-phase OOMs. (c) Relative contributions of 468 

different volatility classes to total particle-phase OOMs. 469 

Furthermore, the contribution of SVOC exhibits a clear dependence on SOA loading 470 

(Fig. S17), increasing from approximately 4.5% at low SOA levels (2–4 μg m-3) to 471 
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about 5.3–5.5% at intermediate loadings (~8–12 μg m-3), before reaching a relatively 472 

stable plateau at higher SOA concentrations. This behavior is broadly consistent with 473 

absorptive partitioning theory, whereby increasing organic aerosol mass promotes the 474 

condensation of semi-volatile compounds. However, the relatively weak increase and 475 

subsequent stabilization of the SVOC fraction suggest that gas–particle partitioning 476 

alone cannot fully explain the observed compositional evolution.  477 

In summary, both elemental/structural characteristics and volatility distributions reveal 478 

pronounced phase-dependent differences. Gas-phase compounds are dominated by 479 

smaller, more volatile molecules, whereas particle-phase compounds are enriched in 480 

higher-carbon, more unsaturated, and substantially lower-volatility species. These 481 

systematic differences cannot be explained by equilibrium gas–particle partitioning 482 

alone, but instead highlight the critical role of particle-phase chemical processing—483 

including accretion reactions, oligomerization, and heterogeneous oxidation—in 484 

forming and stabilizing low-volatility organic matter. Such processes contribute to the 485 

progressive transformation of initially semi-volatile vapors into lower-volatility 486 

products, thereby promoting the accumulation and persistence of secondary organic 487 

aerosol in the particle phase (Pospisilova et al., 2020; Kenseth et al., 2023; Zhang et al., 488 

2024; Hao et al., 2025). 489 

3.3 Molecular level source apportionment of OA 490 

As discussed in Sect. 3.2, particle-phase organic compounds exhibit substantial 491 

contrasts in molecular characteristics relative to the gas phase, underscoring their 492 

compositional complexity and the influence of multiple precursors and atmospheric 493 

transformation pathways. Building on this overview, we performed molecular-level 494 

source apportionment using PMF applied to the VIA-NO3-CIMS dataset to disentangle 495 

the sources and formation mechanisms of SOA. Details of the uncertainty analysis and 496 

factor selection are provided in Supplementary Information Sect. S9. The optimal 497 

solution resolved seven factors, which together explained 96% of the total OOM 498 

concentration measured by VIA–NO3–CIMS. These factors were grouped into three 499 
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major categories: (i) three biogenic-dominated SOA factors (Daytime-Biogenic-500 

dominated-1, Daytime-Biogenic-dominated-2, and Nighttime-Biogenic-dominated); (ii) 501 

two anthropogenic-dominated SOA factors (Anthropogenic-dominated-1 and 502 

Anthropogenic-dominated-2); and (iii) two additional factors associated with regional 503 

background conditions and highly aged organic aerosol, respectively. 504 

3.3.1 Biogenic related factors 505 

3.3.1.1 Daytime-Biogenic-dominated-1 506 

Figure 6. Mass spectral features, diurnal variations, and relative contributions of the 507 

three biogenic-related SOA factors resolved by CIMS PMF analysis. (a) Factor mass 508 

spectra, where the fingerprint molecules are marked in neutral form. (b) Average diurnal 509 

profiles. (c) Relative contributions of the three factors to total OOMs. Solid sectors 510 

indicate the original PMF contributions, while the shaded sector represents the 511 

corrected contribution of biogenic-dominated SOA. 512 

The Daytime-Biogenic-dominated-1 factor is primarily composed of CHO compounds 513 

(~71.6%), predominantly distributed in the C8–C15 range and characterized by 6–8 514 

effective oxygen atoms (Figs. S22 and S23). As shown in Fig. 6a, the factor mass 515 

spectrum exhibits abundant oxidation products derived from biogenic VOC precursors. 516 

For example, C10H14O7 has been widely reported as a characteristic highly oxygenated 517 
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monomer formed from monoterpenes such as α-pinene and limonene through initial O3 518 

oxidation followed by RO2 autoxidation involving intramolecular hydrogen shifts and 519 

sequential O2 addition (Jokinen et al., 2014; Bianchi et al., 2019). Similarly, C8H12O6 520 

(3-methyl-1,2,3-butanetricarboxylic acid, 3-MBTCA) is a well-established tracer of α-521 

pinene SOA aging, formed through multistep gas-phase oxidation of pinic acid as well 522 

as aqueous-phase oxidation within particles or cloud water (Szmigielski et al., 2007; 523 

Müller et al., 2012). In addition, the prominent C15 signals (e.g., C15H22O7 and C15H22O8) 524 

are most plausibly derived from highly oxygenated sesquiterpene oxidation products, 525 

although contributions from C5 + C10 accretion reactions cannot be completely excluded 526 

(Kundu et al., 2017; Berndt et al., 2018).  527 

From a temporal perspective, this factor exhibits a pronounced diurnal pattern, with 528 

concentrations remaining low during nighttime (∼00:00–06:00 LT), increasing after 529 

sunrise, and peaking during late morning to afternoon hours (∼10:00–17:00 LT), 530 

followed by a decrease toward nighttime levels (Fig. 6b). This daytime enhancement 531 

suggests a strong link to photochemically driven processes. Consistently, the factor 532 

shows moderate positive correlations with O3 × BVOC (Fig. S25a; r = 0.62) indicating 533 

that its formation is associated with photochemical oxidation of BVOCs involving both 534 

OH- and O3-initiated pathways. Together with its biogenic-dominated molecular 535 

composition, these results suggest that this factor represents secondary organic aerosol 536 

formed primarily through daytime oxidation of monoterpenes and related biogenic 537 

VOC precursors. 538 

3.3.1.2 Daytime-Biogenic-dominated-2  539 

The Daytime-Biogenic-dominated-2 factor is also dominated by CHO species 540 

(≈77.8%), mainly distributed in the C5–C10 range with 5–7 effective oxygen atoms (Figs. 541 

S22 and S23). As shown in Fig. 6a, the molecular composition of this factor resembles 542 

that of Daytime-Biogenic-dominated-1, including contributions from monoterpene 543 

oxidation products such as C10H14O7 and C8H12O6, as well as minor contributions from 544 

larger C15 species. A key difference between these two factors is that larger compounds 545 
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(C ≥ 10) are substantially less abundant in Daytime-Biogenic-dominated-2, whereas 546 

smaller C5 compounds exhibit relatively high signal intensities, including C5H8,10O5 547 

and C5H9,11O6,7N. These compounds have been widely reported as products of multi-548 

generation oxidation of isoprene under low-NOx conditions (Wang et al., 2018; 549 

Wennberg et al., 2018). Specifically, intermediates formed via the ISOPOOH and 550 

IEPOX pathways can undergo further OH oxidation to yield peroxy radicals, which 551 

either autoxidize (H-shift + O2 addition) to produce compounds such as C5H8,10O5, or 552 

react with NO to form C5H9,11O6,7N (Krechmer et al., 2015; Liu et al., 2016; D’Ambro 553 

et al., 2017). Notably, one isomer of C5H8O5 (3-hydroxyglutaric acid) has also been 554 

identified as a tracer for α-/β-pinene photooxidation SOA (Claeys et al., 2007). 555 

The diurnal profile provides further insight into its formation mechanism (Fig. 6b). 556 

Concentrations increase progressively during daytime and reach a maximum in the 557 

afternoon, indicating photochemically driven formation. Compared with Daytime-558 

Biogenic-dominated-1, the peak of this factor occurs later in the day, suggesting a 559 

longer formation timescale associated with more extensive atmospheric oxidation prior 560 

to partitioning into the particle phase. This interpretation is supported by its higher 561 

average carbon oxidation state and slightly elevated O/C ratio (Fig. S24), indicating a 562 

more oxidized molecular composition. Taken together, these characteristics indicate 563 

that Daytime-Biogenic-dominated-2 represents a more aged and highly oxidized 564 

biogenic SOA factor associated primarily with multi-generation oxidation of isoprene 565 

and related biogenic VOCs. 566 

3.3.1.3 Nighttime-Biogenic-dominated 567 

The Nighttime-Biogenic-dominated factor exhibits the highest fraction of CHON 568 

species among all resolved factors (≈43.7%), with its composition centered on C8–C10 569 

compounds containing 5–7 effective oxygen atoms (Figs. S22 and S23). Representative 570 

compounds include C8H11O7N, C8H13O8N, C10H17O7N, and C10H17O8N (Fig. 6a), which 571 

are widely recognized as characteristic products of nitrate radical (NO3)-initiated 572 

oxidation of biogenic VOCs such as isoprene and monoterpenes (Lee et al., 2016; Shen 573 
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et al., 2021). During nighttime, isoprene and monoterpenes (e.g., α-pinene, β-pinene, 574 

limonene) react rapidly with NO3, producing RO2 radicals that efficiently terminate to 575 

form low-volatility multifunctional organic nitrates (Lee et al., 2016; Shen et al., 2021; 576 

Dam et al., 2022; Fouqueau et al., 2022).  577 

As shown in Fig. 6b, the diurnal variation of this factor exhibits a pronounced nighttime 578 

enhancement: concentrations increase after ~16:00 LT, remain elevated until ~07:00 LT, 579 

and decrease to very low levels during daytime. This observation is consistent with the 580 

discussion in Sect. 3.2, highlighting the dynamic balance between formation and loss 581 

of CHON species: organic nitrates are efficiently removed by photolysis and hydrolysis 582 

during daytime, while rapid nocturnal production via NO3 oxidation leads to transient 583 

nighttime accumulation of CHON-rich compounds.  584 

To disentangle the controlling processes, we first examined the behavior of this factor 585 

during periods of reduced solar radiation. Cloudy conditions, characterized by 586 

substantially weakened downward solar radiation, provide a natural test of whether 587 

reduced photolytic loss alone can sustain elevated concentrations during daytime. 588 

However, as shown in Fig. S26, the relatively high concentrations during the first 589 

cloudy episode (26 September 2024) were still primarily confined to nighttime, and the 590 

factor decreased after sunrise despite persistently low solar radiation. During other 591 

cloudy periods, concentrations remained low throughout both daytime and nighttime. 592 

These observations indicate that reduced photolysis alone is insufficient to explain the 593 

observed variability, suggesting that additional controlling processes are involved. 594 

Theoretically, NO3 concentration can only exist at low-NO conditions. Since concurrent 595 

NO concentration is not available during this campaign, we first evaluated the 596 

relationship between O3-NO2-NO in the historical data at our station to understand the 597 

conditions at which low NO was encountered. As shown in Fig. S27, a high-NO and 598 

thus, suppressed-NO3 conditions can be clearly defined at O3≤ 10 ppb and NO2 ≥ 8 ppb. 599 

In line with this, the majority of nighttime periods in this study fall out of such a 600 

suppressed-NO3 condition (Fig. S26c), although some occasions of suppressed NO3 601 
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occurred. Therefore, product NO2 × O3 × BVOC is used to capture the combined 602 

influence of NO₃ formation potential and precursor abundance. As shown in Fig. S25c, 603 

the factor exhibits a acceptable positive correlation with this proxy (r = 0.61), 604 

suggesting that its formation is jointly controlled by both oxidant production and BVOC 605 

availability, rather than by either factor alone. Overall, we conclude that this factor is 606 

primarily linked to the NO3-initiated oxidation of BVOCs.  607 

3.3.1.4 Contribution of biogenic-related compounds to SOA 608 

Although the PMF analysis identified several factors with strong biogenic 609 

characteristics, PMF-derived factors do not represent chemically pure source categories. 610 

Instead, each factor generally reflects a mixture of precursor sources and atmospheric 611 

processing. Therefore, the contribution of biogenic oxidation products to SOA cannot 612 

be directly inferred from the abundance of biogenic-dominated PMF factors alone. To 613 

provide a more quantitative constraint on the role of biogenic precursors in particle-614 

phase SOA formation, a molecular-level classification of biogenic OOMs was further 615 

performed. 616 

To better constrain the contribution of biogenic OOMs, a two-step identification 617 

framework was applied. First, a comprehensive list of candidate biogenic compounds 618 

was compiled based on previous laboratory and field studies, including well-established 619 

oxidation products of isoprene, monoterpenes, and sesquiterpenes formed via OH, O3, 620 

and NO3 oxidation pathways (Table S2). These compounds are considered to have 621 

confirmed biogenic origins and were directly classified as biogenic OOMs. Second, for 622 

compounds not included in the literature-based list, additional classification was 623 

performed using molecular-level criteria based on elemental composition and 624 

unsaturation characteristics. The molecular-level filtering criteria were generally 625 

consistent with those used for gas-phase OOMs in our previous study (Nie et al., 2022). 626 

Specifically, compounds with DBE > 4 were excluded to minimize the interference 627 

from highly unsaturated and aromatic-related species; compounds with DBE < 2 were 628 

also excluded, as these low-unsaturation species primarily represent aliphatic 629 
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compounds that are less characteristic of dominant BVOC oxidation products under 630 

urban atmospheric conditions. Furthermore, constraints based on effective oxygen 631 

content were applied to exclude highly oxygenated aromatic-related species (Oeff > 6 632 

for DBE = 2). Further details on the construction of the biogenic compound list, 633 

molecular filtering criteria, and rationale for compound classification are provided in 634 

Sect. S10 of the Supplement. 635 

Previous studies of gas-phase OOMs have suggested that biogenic species account for 636 

less than 20% of the total volatile OOM pool and therefore were estimated to contribute 637 

less than 20% of SOA through direct gas–particle condensation alone (Guo et al., 2022).  638 

In contrast, after applying the molecular-level constraints used in this study, biogenic 639 

OOMs were found to account for approximately 37% of the total observed particle-640 

phase OOMs during the observation period (Fig. 6c). The substantially larger 641 

contribution observed in the particle phase suggests that direct condensation alone may 642 

not fully explain the incorporation of biogenic oxidation products into SOA. Instead, 643 

additional multiphase processes, such as reactive uptake and subsequent particle-phase 644 

chemical transformations, may further enhance the conversion and retention of biogenic 645 

oxidation products in the particulate phase, thereby increasing their contribution to 646 

particle-phase OOMs beyond that expected from equilibrium partitioning alone. 647 

3.3.2 Anthropogenic related factors 648 

3.3.2.1 Anthropogenic-dominated-1 649 

The Anthropogenic-dominated-1 factor is primarily composed of relatively small 650 

molecules, mainly distributed in the C5–C8 range with 5–6 effective oxygen atoms (Fig. 651 

S23). Prominent compounds include C5H8O5, C6H10O5, and C6H12O6, along with a 652 

series of nitrogen-containing aromatic oxidation products (Fig. 7a). C6H10O5 and 653 

C6H12O6 are commonly identified as anhydrosugars or sugar-derived compounds 654 

produced during incomplete combustion processes (e.g., biomass burning), and are 655 

widely recognized as robust tracers of combustion-related emissions (Simoneit et al., 656 
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1999; Zhu et al., 2015). In addition to these primary tracers, C5H8O5 contributes 14% 657 

of its total signal to this factor. Within the context of the biogenic-dominated factors 658 

discussed above, this compound is interpreted as a product of biogenic oxidation (e.g., 659 

from isoprene). However, previous studies have also suggested that it can be formed 660 

through aqueous-phase oxidation of levoglucosan during biomass burning, as well as 661 

oxidation of anthropogenic aromatic precursors (Kleindienst et al., 2007; Praplan et al., 662 

2014; Zhao et al., 2014). Its co-allocation with levoglucosan-related compounds and 663 

combustion tracers within this factor suggests that, in this case, it is more likely linked 664 

to the oxidation of combustion-derived organic material. 665 

Figure 7. Mass spectral features, diurnal variations, and relative contributions of the 666 

two Anthropogenic-related SOA factors resolved by CIMS PMF analysis. (a) Factor 667 

mass spectra. The signal intensities of nitrogen-containing aromatic compounds (C5-668 

6H3–5O4N, C5-10H5–13O4N, and C8–17H7–25O3N) are multiplied by a factor of 2 for 669 

visualization. (b) Average diurnal profiles. (c) Relative contributions of the two factors 670 

to total OOMs. Solid sectors indicate the original PMF contributions, while the dashed 671 

sector represents the corrected contribution of biogenic-dominated SOA. 672 

In addition to the compounds discussed above, this factor also contains a series of 673 

nitrogen-containing aromatic species (e.g., C6H5O4N and related compounds). 674 

Although their absolute signal intensities are relatively low, approximately 60–80% of 675 
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their total signals are attributed to this factor, indicating a strong preferential association 676 

with it. These compounds are widely recognized as nitrophenols and related nitrated 677 

aromatic species, which are primarily formed through aqueous-phase or multiphase 678 

oxidation of aromatic precursors (e.g., catechol). Previous studies have demonstrated 679 

that water-rich aerosol environments can promote the oxidation and nitration of 680 

aromatic compounds, leading to the formation of low-volatility nitrogen-containing 681 

organic species (Rana & Guzman, 2022; Shi et al., 2023; Cai et al., 2024; Kuang et al., 682 

2025).   683 

To further constrain the formation mechanisms of this factor, we examined its temporal 684 

behavior and correlations with key atmospheric variables. As shown in Fig. 7b, this 685 

factor does not exhibit a pronounced diurnal pattern, suggesting that it is not governed 686 

by strongly time-of-day-dependent processes. Instead, it shows a clear positive 687 

correlation with the combined proxy ALWC × AVOC (Fig. S25d, r = 0.58), indicating 688 

that its formation is jointly influenced by aerosol liquid water content and the 689 

availability of anthropogenic organic precursors. This dependence suggests that neither 690 

aqueous conditions nor precursor abundance alone is sufficient, and that their co-691 

occurrence is required to facilitate efficient formation. Such behavior supports a 692 

mechanism in which water-rich particles promote the uptake and multiphase 693 

transformation of anthropogenic vapors, thereby enhancing secondary production of 694 

this factor. 695 

Overall, Anthropogenic-dominated-1 is best interpreted as a secondary organic aerosol 696 

factor formed through aqueous-phase or multiphase processing of anthropogenic 697 

precursors, rather than a process driven by nighttime chemistry or boundary layer 698 

dynamics. Although biomass-burning-related tracers such as C6H10O5 and C6H12O6 are 699 

enriched in this factor, the observed correlations with ALWC × AVOC and the 700 

abundance of nitrophenols suggest that secondary processing, rather than direct 701 

emissions, dominates its formation. Despite contributing only 4.2% to total SOA (Fig. 702 

7c), its chemical composition highlights the importance of aqueous-phase 703 

transformation of combustion-related and anthropogenic emissions in shaping SOA 704 
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composition. 705 

3.3.2.2 Anthropogenic-dominated-2 706 

Anthropogenic-dominated-2 factor exhibits a pronounced aromatic signature, 707 

characterized by strong signals of C8–C12 compounds containing 5–8 effective oxygen 708 

atoms (Fig. S23). A representative tracer is C9H6O6 (likely trimesic acid), a multi-709 

carboxylic product formed through multi-generation OH oxidation of alkylbenzenes 710 

followed by further functionalization and aqueous-phase aging (He et al., 2018). 711 

Additional major peaks, including C6H8O6,7, C7H10O7, and C8H10O8, can also be 712 

attributed to highly oxygenated organic molecules produced through successive OH-713 

driven oxidation of aromatic precursors (Garmash et al., 2020). The high oxygen 714 

content and multifunctional nature of these compounds promote efficient partitioning 715 

into the particle phase, facilitating anthropogenic SOA formation under 716 

photochemically active conditions. 717 

Beyond the characteristic species described above, this factor also contributes 718 

substantially to a series of nitro-aromatic compounds in the C8–17H7–25O3N range. For 719 

example, C8H7O3N is likely formed through OH or NO3 oxidation of indole, followed 720 

by NO2 addition and subsequent functionalization or ring-opening reactions (Jiang et 721 

al., 2024). Although these nitro-aromatic species exhibit relatively low absolute signal 722 

intensities, more than 80% of their total signal is apportioned to this factor, indicating 723 

that they are overwhelmingly associated with the same oxidation regime involving 724 

anthropogenic aromatic precursors. Notably, the nitro-aromatic compounds associated 725 

with this factor are mainly characterized by formulas in the CxHyO3N (nitrophenols) 726 

class, whereas those enriched in Anthropogenic-dominated-1 are predominantly 727 

CxHyO4N (nitro-catechol) species. This systematic difference likely reflects distinct 728 

oxidation states and formation pathways. The O3N compounds in this factor are less 729 

oxygenated and therefore likely represent relatively earlier-generation nitrated products 730 

formed under active daytime oxidation conditions. In contrast, the O4N compounds in 731 

Anthropogenic-dominated-1 exhibit higher oxygen content, suggesting more 732 
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extensively processed products formed through additional oxidation and/or multiphase 733 

aging facilitated by aerosol liquid water. Consistent with this molecular-level difference, 734 

bulk oxidation metrics further distinguish the two factors. Anthropogenic-dominated-1 735 

exhibits higher average O/C ratios than Anthropogenic-dominated-2, indicating a more 736 

advanced oxidation state.  737 

As shown in Fig. 7b, the factor exhibits a clear enhancement from late afternoon into 738 

the evening, rather than a purely nocturnal maximum. This pattern indicates that its 739 

formation is closely associated with daytime photochemical activity, with elevated 740 

concentrations persisting into the evening. Further evidence for this interpretation is 741 

provided by correlation analysis. The factor shows a clear positive relationship with the 742 

O3 × AVOC proxy (Fig. S25e, r = 0.57), indicating enhanced formation under conditions 743 

characterized by both strong photochemical activity and abundant anthropogenic 744 

precursors. It should be noted that, O3 should be interpreted as an indicator of the overall 745 

photochemical environment and oxidizing capacity, rather than as a direct oxidant of 746 

aromatic precursors. AVOCs are not efficiently oxidized by O3 under typical 747 

atmospheric conditions; therefore, the observed dependence on O3 reflects the co-748 

variation of photochemical activity and reactive oxidants, rather than a direct role of O3 749 

itself. 750 

In terms of quantitative contribution, Anthropogenic-dominated-2 SOA accounts for 751 

approximately 17.2% of the total SOA (Fig. 7c), highlighting its importance as a major 752 

anthropogenic SOA component in the regional aerosol. Accordingly, Anthropogenic-753 

dominated-2 is best interpreted as a secondary organic aerosol factor formed through 754 

daytime photochemical oxidation of anthropogenic aromatic precursors. Its enrichment 755 

in highly oxygenated aromatic products and relatively less oxidized nitro-aromatic 756 

compounds underscores the important role of photochemical processing of 757 

anthropogenic emissions in shaping SOA composition under urban conditions. 758 

3.3.3 Other factors 759 
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3.3.3.1 Regional Background factor 760 

Figure 8. Mass spectral features, diurnal variations, and relative contributions of the 761 

Regional Background and Pollution-Episode factors resolved by CIMS PMF analysis. 762 

(a) Factor mass spectra. (b) Average diurnal profiles. (c) Relative contributions of the 763 

two factors to total OOMs. Solid sectors indicate the original PMF contributions, while 764 

the dashed sector represents the corrected contribution of biogenic-related SOA. 765 

The Regional Background factor is primarily composed of C7–C13 compounds 766 

containing 6–8 effective oxygen atoms, including representative species such as 767 

C8H12O6, C9H10O6, and C12H16O8 (Fig. 8a). This factor exhibits the highest average 768 

carbon oxidation state (𝑂𝑆D 	≈ 0.12) among all resolved factors, together with a 769 

relatively high O:C ratio (≈0.78) and comparatively low H:C ratio (≈1.25) (Fig. S24), 770 

indicating a highly oxidized chemical composition. These values are substantially 771 

higher than those of the daytime biogenic factors (𝑂𝑆D  ≈ −0.30 to 0.02), suggesting 772 

that this factor represents organic aerosol that has undergone extensive oxidative aging.  773 

The Regional Background factor exhibits weak diurnal variability without a clear 774 

daytime or nighttime enhancement (Fig. 8b). This pattern suggests that the factor is not 775 

primarily governed by local instantaneous formation, but instead represents an aged 776 

aerosol reservoir that has undergone extensive multi-generation oxidation, with its 777 
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variability dominated by regional transport and accumulation. To assess the influence 778 

of air mass transport on this factor, we examined its potential source regions using PSCF 779 

analysis (Fig. S29a). The results reveal a broad transport corridor extending from 780 

northern China through the Yellow Sea and East China Sea regions toward the sampling 781 

site, rather than a single localized source region. Such a spatial distribution indicates a 782 

strong influence of regional-scale transport and suggests that this factor represents a 783 

widespread background aerosol component. Overall, the Regional Background factor 784 

is best interpreted as a highly oxidized and regionally distributed SOA component that 785 

reflects the accumulation of aged organic aerosol over large spatial scales rather than 786 

recent local formation. 787 

3.3.3.2 Pollution-Episode factor 788 

The Pollution-Episode factor is mainly composed of C9–C13 compounds containing 6–789 

9 effective oxygen atoms, including representative species such as C6H8O7 and 790 

C12H10O10 (Fig. 8a). The factor also exhibits elevated an oxidation state (𝑂𝑆D  ≈ 0.08; 791 

Fig. S24), indicating substantial oxidative processing. The factor shows a strong 792 

positive correlation with PM2.5 (r = 0.85; Fig. S25f). However, the time series indicates 793 

that this relationship is primarily driven by several high-PM episodes, during which this 794 

factor exhibits sharp increases coinciding with PM2.5 peaks (Fig. S30), rather than a 795 

persistent linear association.  796 

As shown in Fig. S30, pollution episodes were classified into High-PE and Low-PE 797 

subsets according to the behavior of the Pollution-Episode factor. High-PE episodes 798 

exhibited pronounced increases in the factor concurrent with PM2.5 peaks, whereas 799 

Low-PE episodes were characterized by elevated PM2.5 concentrations without 800 

corresponding enhancements of the factor. To further investigate the factors controlling 801 

this contrast, the chemical and meteorological conditions associated with these two 802 

subsets were systematically compared (Fig. S31). High-PE cases are characterized by 803 

significantly elevated NO2 and particulate nitrate, indicating enhanced NOx-related 804 

processing. In contrast, temperature, relative humidity, and ALWC are substantially 805 
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lower during High-PE cases, suggesting that these episodes are associated with colder 806 

and drier conditions rather than aqueous-phase processing. 807 

To further examine the role of regional transport in shaping these characteristics, air 808 

mass analyses were conducted. The trajectory clustering analysis (Fig. S32) indicates 809 

that high-PE episodes were characterized by a substantially larger influence of northerly 810 

continental air masses originating from inland northern China, whereas marine air 811 

masses were relatively infrequent. Continental transport accounted for approximately 812 

43% of the trajectories, with a further 23% associated with local air masses. In contrast, 813 

Low-PE episodes were primarily influenced by marine air masses, which accounted for 814 

approximately 61% of the trajectories. Overall, the Pollution-Episode factor is best 815 

interpreted as a regionally transported and chemically processed SOA component 816 

whose apparent correlation with PM2.5 arises from episodic accumulation under specific 817 

meteorological and chemical conditions, rather than from a general contribution to bulk 818 

aerosol mass. 819 

3.3.4 Compositional evolution of PMF factors across PM2.5 levels 820 

To place the behavior of individual factors in a broader atmospheric context, we further 821 

examined how the overall PMF factor composition evolves as a function of PM2.5 822 

concentration (Fig. 9). A clear and systematic shift in aerosol composition is observed 823 

with increasing pollution levels, reflecting changes in dominant formation regimes. 824 

At low PM2.5 concentrations (0–20 μg m-3), the aerosol composition is dominated by 825 

freshly formed SOA, including daytime biogenic SOA and anthropogenic SOA. This 826 

feature indicates that under relatively clean conditions, aerosol formation is largely 827 

driven by local photochemical production involving both biogenic and anthropogenic 828 

precursors. As PM2.5 concentrations increase, the relative contributions of these fresh 829 

SOA components gradually decline, accompanied by a pronounced increase in the 830 

Pollution-Episode factor. Under the most polluted conditions, the Pollution-Episode 831 

factor becomes the dominant contributor, whereas the Regional Background factor 832 
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exhibits comparatively minor variations and even decreases in relative importance. 833 

Overall, this compositional evolution reflects a transition in aerosol formation regimes, 834 

from locally driven photochemical production under clean conditions to accumulation-835 

dominated and more extensively processed states under polluted conditions. This 836 

transition highlights the increasing importance of regional transport, atmospheric 837 

stagnation, and multi-generation chemical processing in controlling aerosol 838 

composition at high PM2.5 levels. 839 

Figure 9. Constrained (reallocated) PMF factor contributions as a function of PM2.5 840 

concentration. Stacked bars show the relative contributions (%) of individual PMF 841 

factors within different PM2.5 bins (0–10, 10–20, 20–30, 30–40, and 40–50 μg m-3).  842 

4. Conclusions and outlook 843 

This study presents the first parallel field deployment of VIA-NO3-CIMS and HR-ToF-844 

AMS in Nanjing, eastern China, enabling molecular-level characterization of particle-845 

phase SOA under ambient atmospheric conditions. A high-confidence dataset 846 

comprising 1,695 particle-phase OOMs (C3–C20) was established, and the summed 847 

OOM concentration showed a strong correlation with AMS-derived organic aerosol 848 

concentrations (r = 0.88), confirming that VIA-NO3-CIMS provides quantitatively 849 
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meaningful constraints on particle-phase SOA variability. 850 

At the molecular level, this study reveals systematic and fundamental differences 851 

between gas-phase and particle-phase OOMs. Particle-phase compounds are 852 

characterized by larger carbon skeletons, higher oxidation states, and substantially 853 

lower volatility, with more than 90% classified as ULVOC, ELVOC, or LVOC. These 854 

results demonstrate that particle-phase SOA composition cannot be explained solely by 855 

equilibrium gas–particle partitioning, but is strongly influenced by multiphase chemical 856 

processing. The observed enrichment of highly oxidized and low-volatility compounds 857 

provides direct field evidence that accretion reactions, oligomerization, and 858 

heterogeneous oxidation play a dominant role in transforming condensable vapors into 859 

particulate matter. 860 

PMF analysis indicates that the molecular composition of particle-phase SOA is not 861 

governed by a single precursor source or oxidation pathway, but rather reflects the 862 

combined influence of multiple precursors, oxidation environments, and atmospheric 863 

processing. In this study, seven factors were resolved, including three biogenic-864 

dominated factors, two anthropogenic-dominated factors, one Regional Background 865 

factor, and one Pollution-Episode factor. The biogenic factors primarily reflect the 866 

combined influence of daytime photochemical oxidation and nighttime NO3 oxidation 867 

of BVOCs. Anthropogenic factors are associated with aromatic precursor oxidation and 868 

aqueous/multiphase processing. In contrast, the Regional Background factor represents 869 

a highly oxidized and regionally distributed SOA component, whereas the Pollution-870 

Episode factor is associated with episodic pollution accumulation under conditions 871 

favoring regional transport and chemical processing. Moreover, SOA composition 872 

exhibits a clear transition with increasing PM2.5, from freshly formed SOA under clean 873 

conditions to Pollution-Episode-dominated SOA under polluted conditions. This shift 874 

highlights the growing importance of regional transport, atmospheric stagnation, and 875 

multi-generation chemical processing in shaping aerosol composition during pollution 876 

episodes. 877 
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Beyond these scientific findings, this work demonstrates the unique value of VIA-NO3-878 

CIMS for aerosol research. Because nitrate CIMS has been widely used for gas-phase 879 

OOMs, particularly highly oxygenated organic molecules (HOMs), the use of the same 880 

ionization scheme in VIA-NO3-CIMS provides a consistent framework for directly 881 

comparing gas-phase and particle-phase compositions. This minimizes additional bias 882 

associated with different ionization methods and offers a unique opportunity to 883 

investigate gas–particle transformation, HOM multiphase processing, and 884 

compositional evolution during particle growth. The identification of highly 885 

oxygenated and nitrogen-containing species also provides a molecular basis for 886 

understanding brown carbon formation, aerosol optical properties, and potentially 887 

health-relevant chemical characteristics. 888 

Despite these advantages, several limitations and uncertainties remain. Nitrate chemical 889 

ionization preferentially detects highly oxygenated and low-volatility compounds, 890 

while less oxidized or more volatile species may be underrepresented. This intrinsic 891 

selectivity may introduce a systematic bias toward more oxidized compositions, leading, 892 

for example, to an overestimation of the O:C ratios of resolved OOM factors. In 893 

addition, because the VIA operates under a fixed desorption temperature, while 894 

individual compounds may exhibit different Tmax values, some species may not be 895 

fully desorbed, potentially resulting in an underestimation of their concentrations. 896 

Furthermore, compounds with lower thermal stability may undergo partial thermal 897 

decomposition during the desorption process. Together with compound-dependent 898 

desorption efficiencies, these factors may introduce systematic biases in the observed 899 

molecular composition of particle-phase organics. 900 

Future work may further improve quantitative accuracy and molecular coverage by 901 

incorporating compound-dependent thermal desorption behavior (e.g., Tmax 902 

distributions) into the calibration framework, which could help reduce uncertainties 903 

associated with fixed-temperature operation. In addition, expanding the reagent-ion 904 

chemistry (e.g., I-, H3O+, and NH4+) and combining VIA-NO3-CIMS with size-resolved 905 

measurements and concurrent gas-phase observations will provide stronger constraints 906 
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on gas–particle partitioning, particle growth, and multiphase aging processes. Such 907 

integrated approaches will help bridge molecular-level observations with atmospheric 908 

models and improve the representation of SOA formation and evolution in chemical 909 

transport models. 910 
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