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Abstract 36 

Secondary organic aerosol (SOA) contributes a significant fraction to aerosol mass and toxicity. 37 

Low-volatility organic vapors are critical intermediates connecting the oxidation of volatile 38 

organic compounds (VOCs) to SOA formation. However, the direct measurement of intermediate 39 

vapors poses a great challenge, further compounded by the difficulty of linking them to specific 40 

precursors from a cocktail of complex emission sources in the vast urbanized areas. Here, we 41 

present coordinated measurements of low-volatility oxidation products, termed oxygenated 42 

organic molecules (OOMs) in three most urbanized regions in China. With a newly-developed 43 

analysis methodology, we are able to assign these OOMs to their likely precursors and ultimately 44 

connect SOA formation to various VOCs. At all measurement locations, we find similar OOM 45 

chemical composition, source distribution, and contribution to SOA. We show that the oxidation 46 

of anthropogenic VOCs dominates OOM formation, with ca. 40% contribution from aromatics, 47 

and another ca. 40% contribution from alkanes, a previously under-accounted VOC class. 48 

Functionalized VOCs either from direct emission or first generation of aromatics or alkanes, are 49 

recognized as an important source of observed OOMs. SOA production via the condensation of 50 

these anthropogenic OOMs (pSOAoom) increases significantly with the accumulation of aerosol 51 

pollution and can be up to 4  g m-3 hr-1 in highly polluted conditions. pSOAoom constitutes 44 % 52 

- 71 % of the SOA mass growth. Overall, by performing the most detailed molecular analysis of 53 

in-situ OOMs, we provide the first quantitative assessment of SOA formation from different VOC 54 

classes over urbanized eastern China.  55 

 

One Sentence Summary 56 

Condensation of anthropogenic organic vapors dominates the formation of secondary organic 57 

aerosol in Chinese megacities 58 

 

Main Text 59 

Aerosol particles are important and ubiquitous species in the Earth’s atmosphere, strongly 60 

affecting climate1 and damaging human health2. Secondary organic aerosols (SOA) are a major 61 

component of the overall aerosol loading in various environments around the globe3,4, and 62 

significantly influences the aerosol toxicity by explaining the highest fraction of the reactive 63 

oxygen species in megacities5. Therefore, major advances in understanding SOA formation, 64 

especially the sources and relevant chemical processes, are of central importance for the 65 

implementation of effective measures to mitigate SOA pollution. 66 

The lack of the molecular information of the original SOA material is a major obstacle in 67 

understanding SOA formation. First, characterizing the chemical composition of SOA inevitably 68 

involves evaporation, desorption, or extraction of aerosol samples6,7, which modifies the organic 69 

molecules to a lesser or greater extent. Second, the molecular information obtained in SOA 70 

samples may not be source indicative, as various particle-phase reactions, such as functionalization, 71 

oligomerization, and fragmentation8, may have occurred during SOA ageing, in which the 72 

molecular features of the precursor molecule are likely not retained.  73 
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A key to understanding SOA formation is to obtain the molecular information of the low-74 

volatility gaseous intermediates from VOC oxidation. These vapors can significantly contribute to 75 

SOA mass accumulation, meanwhile possess chemical information of the parent molecule, thus 76 

serving as molecular tracers for SOA formation processes. Extensive studies using the high 77 

resolution of chemical ionization mass spectrometry have identified plenty of highly oxygenated 78 

organic vapors from the oxidation of biogenic VOCs, the condensation of which can explain the 79 

majority of SOA formation9-11. However, comprehensive investigations of low-volatility 80 

intermediates remain marginal in urban environments, which hampers the understanding of the 81 

dominant processes of SOA formation. 82 

Here, we conducted coordinated comprehensive measurements in three most urbanized 83 

regions in China, including Beijing in the North China Plain (NCP), Nanjing and Shanghai in the 84 

Yangtze River Delta (YRD), and Hong Kong in the Pearl River Delta (PRD). A map showing the 85 

locations of these megacities is provided in Fig.1 and more detailed descriptions of these 86 

observation stations are provided in the Method. The measurements of low-volatility gaseous 87 

intermediates are conducted with the state-of-the-art mass spectrometry, namely the nitrate ion-88 

based chemical ionization Atmosphere-Pressure-interface Time-of-Flight mass spectrometer (CI-89 

APi-TOF)9. In comparison to other chemical ionization techniques (e.g., iodide ionization), nitrate 90 

ionization is more sensitive for measuring vapors of low volatility and thus, of high potential 91 

contributing to SOA formation (see Extended Data Fig. 2). For all CI-APi-TOFs, we perform 92 

calibrations on both charging efficiency12 and mass-dependent transmission13 to ensure the data 93 

quality. 94 

The obtained mass spectra in these urban atmosphere shows high complexity, implying a large 95 

diversity of the precursors and formation pathways of these low-volatility gaseous intermediates. 96 

To extract the molecular information from these extraordinarily complicated mass spectra, we 97 

conduct the newly developed binPMF14 in prior to peak identification. Optimal PMF solutions find 98 

eight to ten factors at different locations (Extended Data Fig. 3a), out of which seven are common 99 

ones in at least two sites. Each retrieved factor by the binPMF can be regarded as a simplified mass 100 

spectrum that facilitates more robust peak identification. With the help of binPMF, we identify 101 

about 1500 molecular formulae, accounting for more than 80 percent of the spectral signals. These 102 

compounds are further characterized according to their carbon number (nC), effective oxygen 103 

number (nOeff = nO – 2nN), nitrogen number (nN) and double bond equivalent (DBE). Many 104 

identified organic species are with nOeff < 5, which cannot be defined as highly oxygenated organic 105 

molecules (HOM) according to the convention15. We thus refer to all our identified species as 106 

oxygenated organic molecules (OOMs), to avoid the confliction with the HOM definition. It 107 

should be noted that nitrate phenols appear to be the most abundant species in our measurements 108 

at all locations. However, they are excluded in this study, since they are known to have little 109 

contribution to SOA formation due to their high volatility. 110 

The temporal variation in OOMs, as captured by binPMF, is predominantly caused by the variation 111 

of oxidants (e.g., OH and NO3 radicals) or loss processes. As such, the binPMF itself does not 112 

provide sufficient insights in the VOC precursor of OOMs, except for a clear separation of 113 

monoterpene products from others (Extended Data Fig. 3b). We therefore develop a workflow 114 
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based on integrated knowledge of VOC oxidation and binPMF results (Extended Data Fig. 4). The 115 

workflow, exploiting the measured molecular composition, allows us to attribute these OOMs to 116 

their likely VOC precursor classes, including alkanes, aromatics, isoprene, and monoterpenes. We 117 

refer to the resolved products as alkane-OOMs, aromatic-OOMs, isoprene-OOMs, and 118 

monoterpene-OOMs, respectively. This novel framework provides a quick and sensible 119 

classification for low-volatility organic vapors, which is tested and validated using existing 120 

laboratory studies. The underlying assumptions and associated uncertainties of the framework are 121 

discussed in the Method.   122 

The main OOM categories and their relative contributions to SOA are remarkably similar at the 123 

four locations - OOMs are dominantly of anthropogenic sources. As shown in Fig. 1, besides the 124 

expected high contribution (33% - 41 %) of aromatic-OOMs, the contribution from alkane-OOMs 125 

is surprisingly high (38% - 48%). This highlights that alkane is an important SOA source16. In 126 

addition, a residual of 7 - 11% of the signals can be assigned to anthropogenic sources, but cannot 127 

be unambiguously distinguished as aromatics- or alkanes-OOMs. Overall, the anthropogenic 128 

sources contributed 84% - 89% of the total observed OOMs. On the other hand, OOMs with 129 

biogenic origins, i.e., isoprene-OOMs and monoterpene-OOMs, have much lower contributions 130 

(ca. 10%) since the measurements were conducted during the cold seasons. Despite the similar 131 

source distribution, the concentration of OOMs varies substantially among locations, with the 132 

lowest value in Beijing (2.38×107 cm-3), the highest in Hong Kong (2.30×108 cm-3), and 133 

intermediate values in Shanghai (7.78×107 cm-3) and Nanjing (7.74×107 cm-3). This difference is 134 

very likely an overall result of the intensity of incident solar radiation, air temperature, the 135 

concentration of atmospheric oxidants that all together, defines the OOM formation from VOC 136 

oxidation11,17, as well as the OOM removal rate by condensing on particles. 137 

The detailed molecular information of OOMs reflects prominent features of photochemistry in the 138 

polluted urban atmosphere. First, the most distinct feature of the spectrum is a regular spacing 139 

corresponding to a difference of CH2, which can be seen from, for instance, the series of 140 

CxH2xO7N2 (x= 4-13) in alkane-OOMs and CxH2x-3O8N (x= 5-14) in aromatic-OOMs (Fig. 2a and 141 

2b). As no known gas-phase reaction can lead to either addition or subtraction of CH2, this clearly 142 

reflects the nature of anthropogenic VOC emissions; homologous compounds are usually co-143 

emitted, such as benzene, toluene and xylene, or sequences of alkanes. Second, NOx dominates the 144 

termination reaction with RO2 radicals, especially for alkane-RO2 radicals, resulting in a major 145 

fraction of alkane-OOMs (84%) and aromatic-OOMs (52%) consisting of nitrate-containing 146 

compounds (Fig. 2a). Third, multi-step oxidation plays a significant role in OOM formation. This 147 

is supported by: 1) the overall fraction of nitrate-containing compounds is much higher than any 148 

known branching ratio of the reaction between RO2 and NO forming organonitrates; and 2) di-149 

nitrate OOMs comprise a considerable fraction for both alkane-OOMs (34%) and aromatic-OOMs 150 

(7%). Fourth, molecular characteristics reflect that auto-oxidation plays an important role in 151 

OOMs formation. For aromatic-OOMs, in addition to confirming that autoxidation occurs more 152 

efficiently for aromatics substituted by larger alkyl groups, i.e., with larger nC
18-21, our observations 153 

also show an increasing trend of nOeff from north to south (Extended Data Fig. 5). Such temperature 154 

dependence is in line with that autoxidation is promoted by high temperature. For alkane-OOMs, 155 
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autoxidation can also contribute to 1 to 3 nOeff (Extended Data Fig. 7). These results underscore 156 

the necessity of implementing the autoxidation scheme in SOA models even in high NOx 157 

environments18. 158 

We use two Volatility Basis Set (VBS)22 parameterizations to estimate OOM volatility, a key 159 

property influencing the condensation of OOMs to form SOA. By grouping different molecules 160 

into several volatility bins, VBS has been successfully and widely used to represent the volatility 161 

distribution of organic vapors, especially for complex multi-component systems10. As suggested 162 

by a recent study21, we apply different volatility parameterizations to OOMs from different 163 

precursor classes. This is because that the effectiveness of oxygen atoms in reducing volatility 164 

differ significantly in different functional groups, such as peroxy vs hydroxyl and carbonyl groups, 165 

which are mainly formed from different oxidation pathways23,24.Therefore, separating OOMs from 166 

different sources is crucial, demonstrating another virtue of our workflow. In this study, we adopt 167 

parameterizations used by Mohr et al.25 and Wang et al.21, to estimate the volatility of 168 

monoterpene-OOMs and other types of OOMs, respectively. The results were also validated and 169 

compared with another different parameterization proposed by Li et al., 26. Although the volatility 170 

distribution is not identical, the results show excellent consistence in total concentration of 171 

condensable vapors (Extended Data Fig. 8).  172 

In general, OOM “intrinsic” volatility distributions (i.e., at 300 K) are similar among all locations: 173 

SVOC and LVOC account for the majority of OOMs, with a considerable fraction of ELVOC and 174 

ULVOC (Fig. S14). The bulk volatility of alkane-OOMs appears to be higher than that of aromatic-175 

OOMs (Fig. 2d). However, both alkane-OOMs and aromatic-OOMs comprise considerable 176 

fractions of LVOC and ELVOC that are able to contribute to SOA formation. Aside from the 177 

intrinsic volatility, ambient temperature influences the volatility distribution; the substantial 178 

temperature differences in our measurement locations lead to large shifts in the ambient volatility 179 

distribution of approximately 1 decade (1 volatility bin) per 15 oC. As shown in Extended Data 180 

Fig. 9, the bulk OOM volatility is lowest in Beijing, intermediate in Nanjing and Shanghai, and 181 

highest in Hong Kong. 182 

The source-segregated OOM contribution to SOA formation is a vital basis for formulating 183 

effective strategies to mitigate aerosol pollution. For this reason, we investigate the contribution 184 

of OOMs from different source classes to SOA mass accumulation over a wide range of PM2.5 185 

concentrations. We calculate the net condensation mass flux of OOMs towards the particulate 186 

phase using the same approach as reported in Trostl et al.10 (see Method). This flux defines the 187 

SOA formation rate via the irreversible condensation of OOMs, termed as pSOAoom in this work. 188 

Note that this term does not include the possible contribution of SVOC to SOA, which is 189 

dominated by equilibrium partitioning. We show the calculation based on the observation in 190 

Nanjing in Fig.3, and results for other locations are provided in Extended Data Fig. 10. As shown 191 

in Fig 3c, the total pSOAoom can reach up to ~ 4 g m-3 h-1 at the PM2.5 concentration of 220 g m-
192 

3 in Nanjing (Fig. 3c). Aromatic-OOMs are the largest contributor (ca. 50 – 70 %) to the total 193 

pSOAoom in all the locations, and alkane-OOMs are the second-largest, contributing to ca. 20 – 30 194 

% of the total pSOAoom. In contrast, the contribution from biogenic OOMs to pSOAoom is very 195 
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small, especially at high PM2.5 levels. This is because isoprene-OOMs are mostly SVOC, and 196 

monoterpene-OOMs are of too low concentrations.  197 

Unexpectedly, the pSOAoom contributed by alkane-OOMs, aromatic-OOMs and isoprene-OOMs 198 

shows an increasing trend from very clean to highly polluted atmospheric conditions (Fig. 3c, 199 

Extended Data Fig. 11). As the photochemical oxidation is usually thought to be reduced during 200 

haze condition, this increasing trend indicates that the weakened photochemistry due to the aerosol 201 

dimming effect is outcompeted by the simultaneously elevated VOC concentration (Fig. 3a). 202 

Consequently, the VOC oxidation rate is enhanced during pollution, leading to high concentrations 203 

of all types of OOMs even in the coincidence of a high particle surface-area concentration (Fig. 204 

3b), with the only exception being the relatively less important monoterpene-OOMs (Extended 205 

Data Fig. 11). In short, our results demonstrate a positive feedback loop between OOM formation 206 

and pollution, in which OOM condensation significantly favors pollution accumulation by forming 207 

SOA, and the weakened air dispersion in haze condition, in turn, favors the OOM formation and 208 

condensation.  209 

In order to quantify the importance of the pSOAoom to the total SOA formation, we compare the 210 

pSOAoom to the actual augmentation rate of SOA mass (d(SOA)/dt). We perform this analysis in 211 

selected cases with stable meteorological conditions, e.g., no dramatic change in boundary layer 212 

height, wind speed, and wind direction, to minimize the meteorology interferences (see Extended 213 

Data Fig. 12 for an example). As shown in Fig.4a, the pSOAoom exhibits a good linear correlation 214 

with the d(SOA)/dt. The estimated contributions of the pSOAoom to the overall d(SOA)/dt (as the 215 

fitted slopes) are 44%, 70%, 71%, and 68% in Beijing, Nanjing, Shanghai, and Hong Kong, 216 

respectively. The relatively lower contribution found in Beijing provides a possible explanation 217 

that the haze formation in northern China shows a weaker dependence on photochemistry than in 218 

southern China27-29.  219 

Benefiting from our comprehensive observation and novel workflow, we are able to estimate the 220 

precursor-segregated pSOAoom and, in turn, the apparent SOA yield (γSOAoom= pSOAoom / 221 

k[VOC][OH]) of some selected species, e.g. C6-C9 aromatics (Fig. 4b). Interestingly, not only the 222 

SOA mass yields of these species, but also the HOMs molar yields of C6 aromatics are higher than 223 

the values derived from laboratory studies (Fig. 4c). Our results concur with previous reports that 224 

the lack of accounting the low-volatility OOMs in previous laboratory investigations may 225 

significantly bias the SOA yields low30. More importantly, our results may suggest that the 226 

aromatic precursors, other than the traditional species we usually measured, exist yet not counted 227 

in the apparent SOA yield calculation. The apparent yields of C6-C9 aromatic OOMs yields were 228 

calculated without pre-assumption on the exact molecular composition of its precursor molecule, 229 

e.g., whether the C6 aromatic OOM is from a benzene or a phenol molecule. The results indicate 230 

that other aromatic precursors, especially functionalized aromatic precursors, exist yet under 231 

measured. These unknown precursors, either from direct emission or first generation products from 232 

oxidation of precursor VOCs, likely have much higher SOA forming potential than their peer 233 

hydrocarbon species. This also partly explains the observed high concentrations of OOMs, and in 234 

turn, significant contribution to SOA formation. 235 
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In summary, by conducting coordinated comprehensive measurements in four megacities in east 236 

China and performing novel and detailed molecular analyses, we perform a species-level source 237 

appointment of condensable organic vapors (i.e., OOMs) and gain the insights to eventually 238 

connect the emission inventory to SOA formation. This is a critical advantage in the investigation 239 

of the SOA sources in the urban atmosphere of high chemical complexity. We demonstrate that 240 

the condensation of anthropogenic OOM is a dominant source of SOA even under severe haze 241 

conditions. These new insights shed light into the full course of SOA formation, including 242 

precursor (i.e., VOCs) recognition, products identification, key oxidation processes, and SOA 243 

formation via vapor condensation. More importantly, the OOM distribution and formation 244 

pathways is largely the same across three most urbanized regions of Beijing-Tianjin-Hebei, YRD 245 

and PRD, where more than 800 million people live and suffer from air pollution. This implies a 246 

possibility of solving air pollution issues with a uniform and effective mitigation strategy. 247 

  248 
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Fig. 1. Distribution of oxidized oxygenated molecules (OOMs) in (a) Beijing, (b) Nanjing, (c) 372 

Shanghai, and (d) Hong Kong. OOMs are assigned to precursor classes by a framework described in the 373 

text and indicated on the pie chart by the color hue, while the carbon number is given by saturation. Colors 374 

in the pie chart of bright green, red, blue and dark green represent isoprene-OOMs, alkane-OOMs, aromatic-375 

OOMs and monoterpene-OOMs, respectively. The map shows the general aerosol pollution level in eastern 376 

China. The color code denotes the average aerosol optical depth (AOD) during October to December from 377 

2014 to 2018. 378 
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Fig. 2. Characteristics of alkane-OOMs (left) and aromatic-OOMs (right) in Nanjing. (a) The spectra 379 

of OOMs colored by their types with nitrate-OOMs (CHON) in light blue, dinitrate-OOMs (CHON2) in 380 

dark blue, and non-nitrate-OOMs (CHO) in green. OOMs with a regular shift corresponding to CH2 are 381 

marked in the plot. (b) Kendrick mass defect plot showing OOM composition. The x-axis is the exact mass 382 

of HOMs, and the y-axis is the Kendrick mass defect. The symbol color denotes the OOM double-bond 383 

equivalent (DBE), and the symbol size is proportional to the logarithm of the signal strength. (c) Observed 384 

OOMs plotted as a function of the number of carbon and oxygen atoms per molecule. The symbol size is 385 

linearly proportional to the total measured concentration of all molecules at a given point. Contour lines 386 

indicate the log of the saturation concentration (C*) and background colors correspond to VBS volatility 387 

classes. (d) The same OOM compounds as shown in Fig. 2b and 2c are binned into a one-dimensional 388 

volatility basis set (VBS) at 300 K.  389 
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Fig. 3 Influencing factors on OOMs formations and its subsequent impacts on PM2.5 pollutions. (a) 390 

Concentrations of VOCs and estimated OH as a dependent of PM2.5 from near zero to 220 µg/m3 in Nanjing. 391 

Light yellow circles represent the sum of more than 40 VOC species with the number of carbon atoms equal 392 

or higher than 5 measured using a PTR-TOF-MS. Light purple triangles represent the estimated OH via the 393 

measured sulfuric acid. (b) OOM concentration and condensation sink as a dependent of PM2.5 from near 394 

zero to 220 µg/m3 in Nanjing. Sampling hours with UVB higher than 0.1 were selected for both panels (a) 395 

and (b) to guarantee that sulfuric acids were mainly formed from the reaction of SO2 and OH. (c) OOM 396 

condensation flux as a dependent of PM2.5 from near zero to 220 µg/m3 in Nanjing. Blue bars represent 397 

aromatic-OOMs, red bars represent alkane-OOMs, and dark green bars represent monoterpene-OOMs. 398 

 399 
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 401 

Fig. 4. (a) Contribution of OOMs condensation to the formation of secondary organic aerosol (SOA). 402 

Blue triangles, green diamonds, brown squares, and red triangles represent Beijing, Nanjing, Shanghai and 403 

Hong Kong, respectively. Error bars indicate the statistical (1σ) uncertainties in fitting the SOA formation 404 

rate during each episode, as well as averaging the OOM condensation flux in the corresponded episode. 405 

Shaded areas represent the 90 present confidence intervals of a linear fit to the data for each megacity. (b) 406 

Mass yield of C6-C9 aromatic-derived OOMs. (c) Molar yield of C6 aromatic-derived OOMs. Boxes 407 

represent percentiles of the calculated mass/molar yield obtained in this study. The lower, middle, and upper 408 

horizontal lines of the boxes represent percentiles of 25, 50, and 75. The makers are mass/molar yield of 409 

SOA got from labs31-37. 410 

 




