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29 ABSTRACT. Gas-phase oxygenated organic molecules (OOMs) can contribute substantially to 

30 the growth of newly formed particles. However, the characteristics of OOMs and their 

31 contributions to particle growth rate are not well understood in urban area, which has complex 

32 anthropogenic emissions and atmospheric conditions. We performed long-term measurement of 

33 gas-phase OOMs in urban Beijing during 2018-2019 using nitrate-based chemical ionization mass 

34 spectrometry. OOM concentrations showed clear seasonal variations, with the highest in summer 

35 and the lowest in winter. Correspondingly, calculated particle growth rates due to OOM 

36 condensation were highest in summer, followed by spring, autumn, and winter. One prominent 

37 feature of OOMs in this urban environment was a high fraction (~75%) of nitrogen-containing 

38 OOMs. These nitrogen-containing OOMs contributed only 50%-60% of the total growth rate led 

39 by OOM condensation, owing to their slightly higher volatility than non-nitrate OOMs. By 

40 comparing the calculated condensation growth rates and the observed particle growth rates, we 

41 showed that sulfuric acid and its clusters are the main contributors to the growth of sub-3 nm 

42 particles, with OOMs significantly promoting the growth of 3-25 nm particles. In winter Beijing, 

43 there are missing contributors to the growth of particles above 3 nm, which remain to be further 

44 investigated. 

45 KEYWORDS. Oxygenated Organic Molecules, Seasonal Variation, Particle Growth, Nitrogen-

46 containing OOMs, Urban Environment 

47 SYNOPSIS. Atmospheric oxygenated organic molecules with clear seasonal variations contribute 

48 significantly to the growth of newly formed nanoparticles in urban Beijing.

49

50 1 Introduction

51 Atmospheric new particle formation (NPF) happens ubiquitously in various environments, and 

52 particles growing past a size of around 50 nm can be activated as the cloud condensation nuclei 

53 (CCN), which influence cloud formation and climate.1-3 NPF in polluted environments, despite the 

54 severe suppression by high aerosol loadings, has been shown to produce a large number of 

55 nanoparticles; these particles, if they survive scavenging by large existing particles, can grow and 

56 act as CCN.4-6 Therefore, as a crucial determining factor for particle survival, particle growth rate 

57 can substantially influence the CCN budget.7 
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58 Condensable vapors, such as sulfuric acid, are important contributors to the growth of particles in 

59 various environments due to their low volatility.8-10 Observations in Atlanta indicated that 

60 condensation of sulfuric acid and the subsequent equilibration with ammonia could substantially 

61 account for nanoparticle growth.11 Also, it has been illustrated recently that condensation of H2SO4 

62 and H2SO4-amine clusters contribute significantly to the growth of sub-3 nm particles in urban 

63 Beijing; however, sulfuric acid and its clusters alone cannot explain the growth of particles above 

64 3 nm.10 This is still far from “climate-relevant” size. There are still some missing contributors to 

65 particle growth, especially beyond the earliest stages. 

66 Gas-phase oxygenated organic molecules (OOMs) are important for particle growth and even 

67 largely explain the particle growth rate in forested areas owing to their low volatility.12-14 OOMs 

68 can be produced from the oxidation of volatile organic compounds (VOCs), including 

69 anthropogenic volatile organic compounds (AVOCs, e.g., benzene and toluene) and biogenic 

70 volatile organic compounds (BVOCs, e.g., isoprene, monoterpenes, and sesquiterpenes).15-18 

71 Chamber experiments have shown that the oxidation products of monoterpenes alone can trigger 

72 particle formation and drive the following growth.19-22 Consistently, ambient observations in a 

73 boreal forest in southern Finland (Hyytiälä) have shown that BVOC-derived OOMs are sufficient 

74 to explain particle growth over the size range of 3-50 nm.13 

75 In contrast to remote forests, AVOCs are usually the dominant VOC species in urban environments, 

76 and NOx levels are usually much higher. Thus the characteristics of OOMs in polluted urban 

77 environments might be substantially different from those in forested areas. For BVOCs, auto-

78 oxidation of RO2 radicals is an important pathway of OOM formation.14, 18, 23 Each auto-oxidation 

79 step results in an addition of two oxygen atoms, which greatly increases the oxygen number of 

80 OOMs.16, 24, 25 For AVOCs, multi-generation oxidation is also an important pathway in OOMs 

81 formation.26 This is mainly because the abundant NOx in urban areas can suppress the auto-

82 oxidation and terminate the chain propagation,27 but also because the oxidation lifetime of later-

83 generation AVOC products can be much lower than the precursor AVOCs.28 As a result, OOMs 

84 generated under high NOx conditions may have relatively higher volatilities than those in low NOx 

85 conditions.26, 27, 29 In wintertime Beijing, Yan et al.30 demonstrated that OOMs are important for 

86 particle growth to CCN size. In another study in summertime Beijing, Brean et al.31 showed that 

87 elevated OOM concentrations and particle growth coincided, implying an important contribution 
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88 of OOMs to particle growth in urban areas. However, neither study had a quantitative evaluation 

89 of the contribution of OOMs to particle growth, and the contribution in different seasons has not 

90 been examined. 

91 We conducted measurements of OOMs in urban Beijing during Jan. 2018 – Aug. 2019 covering 

92 four seasons. We investigated the overall characteristics of OOMs in urban Beijing in comparison 

93 to those in other atmospheric environments. We further evaluated the contribution of OOMs to 

94 particle growth over a size range of 1.5-25 nm and explored the dominant factors of its seasonal 

95 variation. Finally, we compared the calculated particle growth rates explained by sulfuric acid 

96 (include its clusters) and non-/nitrated OOMs to the observed values. 

97 2 Methods 

98 2.1 Measurements 

99 The field measurements were conducted at an urban site located inside the west campus of Beijing 

100 University of Chemical Technology. The station is ~500 meters west to the Third Ring Road and 

101 is surrounded by residential and commercial areas. A detailed description about this site can be 

102 found in previous studies.10, 32 The measurements were between Jan. 2018 and Aug. 2019, covering 

103 all the four seasons and including 27 NPF events with reliable OOMs and particle growth rate data 

104 in total. The exact duration of the four seasons are Mar. 3 – Apr. 7 2018 for spring with 5 NPF 

105 cases, Oct. 16 – Nov. 31 for autumn with 5 NPF cases, Jan. 25 – Feb. 6 and Dec. 10 – Dec. 24 

106 2018 for winter with 11 NPF cases, and Jun. 15 – Aug. 31 2019 for summer with 6 NPF cases, 

107 respectively. 

108 OOMs and H2SO4 were measured with nitrate-based chemical ionization atmospheric pressure 

109 interface time-of-flight mass spectrometers (CI-APi-ToF, Aerodyne Research Inc.).33, 34 A high-

110 resolution time-of-flight mass spectrometer with the m/z resolution of ~4000 Th/Th (CI-APi-

111 HToF) was used in 2018, and a long time-of-flight mass spectrometer with the m/z resolution of 

112 ~10000 Th/Th (CI-APi-LToF) was used in 2019. Both instruments were calibrated for H2SO4 

113 sensitivity and m/z-dependent transmission efficiency following previous studies.20, 35 Details of 

114 the sampling configurations are similar with those previously described.10 In addition, H2SO4 

115 clusters in this study refer to clusters containing up to four H2SO4 molecules and some base 
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116 molecules as stabilizing agents. The concentration of these clusters was estimated using the 

117 simplified kinetic model described in Cai et al.36 

118 Particle number concentrations and size distributions ranging from 1 nm to 10 μm were measured 

119 by a diethylene glycol scanning mobility particle spectrometer (DEG-SMPS; 1-7.5 nm)37, 38 

120 together with a particle size distribution system (PSD; 3-10 μm).39 A core sampling method was 

121 used in the DEG-SMPS system to achieve an aerosol sampling efficiency close to 100%.40 A 

122 miniature cylindrical differential mobility analyzer (mini-cyDMA) was equipped for sub-10 nm 

123 aerosol classification and a modified DEG-UCPC with two-stage temperature control chamber 

124 was used for as the front equipment for particle counting.41 Meteorological data, including 

125 temperature, ambient pressure, wind speed, and wind direction, were measured with a local 

126 weather station (Vaisala, AWS310). 

127 2.2 OOMs quantification

128 OOM identification was performed with the tofTools package developed by Junninen et al.42 The 

129 low background noises of the CI-APi-ToF are automatically removed in software. After obtaining 

130 the signals of assigned peaks, the concentrations of OOMs are calculated using Eq. 1:20, 35

[OOMi] = 𝐶 × 𝑇𝑖 × ln (1 +
[OOMi ∙ NO ―

3 ]

∑2
i = 0[(HNO3)i ∙ NO ―

3 ]
) Eq. (1)

131 Here, OOM signals in counts per second  are normalized to the sum of reagent ion [OOMi ∙ NO ―
3 ]

132 signals, including , , and .  is the mass-dependent transmission NO ―
3 (HNO3)NO ―

3 (HNO3)2NO ―
3 𝑇𝑖

133 efficiency of the instrument, which was determined by adding different perfluorinated acid vapors 

134 in sufficient amounts to deplete .35 C is the calibration coefficient obtained for H2SO4 using NO ―
3

135 a homemade H2SO4 generator.43 We conducted four calibrations during the observation period. 

136 The calibration coefficients are 4.79 109 and 4.5 109 cm-3·cps-1 for CI-APi-HToF in 2018, 6.07× ×

137 109 and 6.47 109 cm-3·cps-1 for CI-APi-LToF in 2019. Here, we assume OOMs and H2SO4 × ×

138 have the same collision and binding efficiency with .18 The charging efficiency for some less NO ―
3

139 functionalized OOMs is likely lower than that for H2SO4, and therefore, the total OOM 

140 concentration measured by nitrate-based CI-APi-TOF should be regarded as a lower limit. 
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141 2.3 OOMs volatility estimation

142 Due to the lack of molecular structure information, OOM volatility was estimated using volatility 

143 parameterization methods based on the number of carbon, oxygen, and nitrogen atoms of the 

144 identified molecule.44 As suggested by a recent study,45 two volatility parameterization methods 

145 that treat OOMs with different functional groups were adopted in this study. One is for OOMs that 

146 mainly contain hydroperoxide groups, such as products via auto-oxidation:13 

log10 𝐶 ∗
300 𝐾 = (25 ― nC)bC ― (nO ― 3nN)bO ― 2

(nO ― 3nN)nC

(nC + nO ― 3nN)bCO ― nNbN Eq. (2)

147 where , , , and , and , , and  are the number of carbon, bC = 0.475 bO = 0.2 bCO = 0.9 bN = 2.5 nC nO nN

148 oxygen, and nitrogen atoms in the compounds, respectively. The other is for OOMs that mainly 

149 contain hydroxyl and carboxylic groups, such as products via multi-generation oxidation:45 

log10 𝐶 ∗
300 𝐾 = (25 ― nC)bC ― (nO ― 2nN)bO Eq. (3)

150 where , and . A nitrate group reduces the similar extent of vapor pressure like bC = 0.475 bO = 2.3

151 a hydroxyl, and is replaced by hydroxyl for simplicity.45 In terms of the oxidation pathway and the 

152 resulting functional groups, oxidation products of isoprene are also suitable for Eq. 3.24 An 

153 empirical dividing line of H/C = -0.2*O/C + 1.5 is adopted in this study to separate OOMs with 

154 different kinds of main functional groups corresponding to the above two parameterization 

155 methods. The volatility of OOM above the line is estimated by Eq. 2, and otherwise by Eq. 3. More 

156 details about the volatility estimation method are in the supplemental information. 

157 OOMs measured by nitrate CI-APi-ToF are partly extremely low or low volatility organic 

158 compounds in Beijing (Fig. S6). The over-saturated concentration of an OOM determines whether 

159 it can condense onto particulate matter or not. Due to the Kelvin effect, lower volatility is required 

160 for OOMs to condense onto smaller particles. According to the measured OOMs concentration in 

161 Beijing, OOMs with log10(c*)  1 could hardly condense on particles smaller than 25 nm (Fig. ≥

162 S16).  Therefore, we define OOMs with log10(c*)  0 as condensable OOMs, most of which are ≤

163 extremely low-volatility organic compounds (ELVOC, c* in 10-8-10-4 μg·m3) and low-volatility 

164 organic compounds (LVOC, c* in 10-4-10-1 μg·m3).44 
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165  2.4 Vapor condensation growth rate simulation

166 The condensation growth rate (GR), defined as GR = ddp/dt, represents the change in particle 

167 size per unit time. The particle growth rate contributed by OOM condensation for a given 

168 diameter was calculated as Eq. 4,19, 46 and GR for a particle size bin is calculated by averaging 

169 the GR of all the particles in this bin. 

d𝑑𝑝

d𝑡 = (
𝑑𝑝 + 𝑑𝑖

𝑑𝑝
)2

𝑐𝑖,𝑝

2𝜌𝛼𝑖,𝑝𝐵𝑖,𝑝[𝐶𝑣
𝑖 ― 𝑎𝑖,𝑝𝐶0

𝑖 ] Eq. (4)

170 where ,  are the diameter of the particle and the condensable vapor, respectively; is the 𝑑𝑝 𝑑𝑖 𝑐𝑖,𝑝

171 mean relative thermal velocity between a condensable vapor molecular and a particle;  is the 𝜌

172 density of the particles;  is the accommodation coefficient;  is the Kinetic oriented 𝛼𝑖,𝑝 𝐵𝑖,𝑝

173 transition-regime diffusion correction factor. The detailed calculations and assumptions of the 

174 above parameters are in SI. 

175 The square bracket term in Eq. 4 represents the driving force of OOM condensation, i.e. the over-

176 saturated concentration of the condensable vapor.  and  are the actual vapor concentration and 𝐶𝑣
𝑖 𝐶0

𝑖

177 saturation vapor concentration, respectively.  is the particulate-phase activity, and 𝑎𝑖,𝑝 𝑎𝑖,𝑝 = 𝑋𝑖,𝑝𝛾𝑖,𝑝

178 , where  is the mass-based activity coefficient in the organic condensed phase, which is 𝐾𝑖,𝑝 𝛾𝑖,𝑝

179 assumed to be 1.  is the Kelvin coefficient, which is estimated by . Assuming a 𝐾𝑖,𝑝 𝐾𝑖,𝑝 = 10
𝑑𝑝𝐾 𝑑𝑝

180 particle surface tension of 0.034 N m-1,47, 48 and a mean molar weight of 250 g mol-1 at 300 K, ∙ ∙

181 the corresponding Kelvin diameter ( ) is 5 nm.  is the mass fraction of  at the particle 𝑑𝑝𝐾 𝑋𝑖,𝑝 OOMi

182 size of . In this study,  changes along with the growth of a new particle, and it was estimated 𝑑𝑝 𝑋𝑖,𝑝

183 by simulating the cumulative mass of in the particulate phase based on the mass flux of OOMi 

184  condensation. OOMi

185 The condensation growth rates contributed by H2SO4 and (H2SO4)n(DMA)n are calculated 

186 following the method reported by Stolzenburg et al.,9 which includes the effect of van der Waals 

187 forces in vapour condensation. The details of the calculation are supplemented in the SI. 

188 It should be noted that the theoretical GR in Eq. 4 has a corresponding relationship with particle 

189 sizes ( ) and time (t). For a particle size bin, e.g. 1.5-3 nm, the period used to calculate the 𝑑𝑝
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190 theoretical GR1.5-3 is consistent with that of observed GR1.5-3 with log-normal distribution function 

191 method.49 The time windows used for GR calculations are the exact periods when NPF events 

192 occur and develop. The criteria to identified NPF events and the calculation of observed GR is 

193 consistent with a previous study.10

194 3 Results and discussion

195 3.1 OOMs observed in urban Beijing

196 An overall of ~1100 organic formulas were identified within the m/z range of 200-450 Th for each 

197 season. The observed OOMs species in four seasons are generally similar in terms of the total 

198 number of identified molecules and the proportion of non-nitrogen OOM molecules (Fig. S1). The 

199 mass-defect plot of the averaged OOMs in spring is shown in Fig. 1 as an example. 

200 Several groups of homologues were observed in both non-nitrogen OOMs and nitrogen-containing 

201 OOMs. Points lined on the direction of +CH2 are homologues, differed by an integral number of 

202 –CH2– group. The multiple series of homologous oxidation products are likely a result of the co-

203 existed homologues precursors in urban areas, e.g. benzene, toluene, and xylene.50 

204 ===================

205 Place Figure 1 Here

206 ===================

207 Another important feature of OOMs in Beijing is the higher proportion of nitrogen-containing 

208 OOMs in comparison to that of forested area (Figs. S2 & S3). In our measurements, ~30% of the 

209 identified molecules are non-nitrogen OOMs and ~70% are nitrogen-containing OOMs. Among 

210 them, 35-52% of the total concentration of nitrogen-containing OOMs are OOMs with more than 

211 one nitrogen atom. The termination of auto-oxidation chain propagation by NOx results in carbonyl 

212 (RO2+NO reaction) or nitrate functional group (RO2+NOx reaction).14 Multi-generation oxidation 

213 of RO2+NOx may explain the formation of OOMs with more than one nitrogen atom. Nitrate 

214 radical (NO3) oxidation may also play a role. In addition to the high proportion of nitrogen-
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215 containing OOMs, strong auto-oxidation processes with more than two consecutive oxygen 

216 additions are rarely observed; this is consistent with NOx reactions shortening RO2 lifetimes in the 

217 urban environment.

218 Although the OOM speciation in each season is quite similar, the total concentration of OOMs in 

219 Beijing shows clear seasonal variations while falling within a similar range to concentrations 

220 observed elsewhere. As shown in Fig. 2, the seasonal median concentration of total OOMs in 

221 Beijing is the highest in summer (4.0×108 cm-3), followed by spring (3.3×108 cm-3),  autumn (1.1

222 ×108 cm-3), and winter (3.2×107 cm-3). Similarly, the concentration of condensable OOMs in 

223 urban Beijing, accounting for 17-35% of total OOM concentration, also has the same seasonal 

224 variations. The high total OOM concentration in summer is most likely related to the enhanced 

225 photochemistry due to stronger solar radiation and higher temperature (Fig. S8). From a global 

226 perspective, OOMs measured by nitrate CI-APi-ToF range from 107 to 109 cm-3. It should be noted 

227 that, nitrated phenols can contribute to 14-78% of the total OOM concentration in urban Beijing, 

228 which is higher than their contribution of ~16% in those remote forest areas.51 However, as nitrated 

229 phenols are too volatile to have significant contribution to particle growth, they are excluded in 

230 the following discussion. The information of identified nitrated phenol peaks is supplemented in 

231 the SI. 

232 ===================

233 Place Figure 2 Here

234 ===================

235 The concentrations of both non-nitrogen OOMs and nitrogen-containing OOMs increase along 

236 with solar radiation (UVB) in the morning, which also coincides with particle growth processes. 

237 Such patterns are consistent during all four seasons (Fig. S4). The averaged diurnal variations in 

238 summer are shown in Fig. 3 as an example. Sulfuric acid starts to rise at around 5 am (local time) 

239 and reaches a peak at around 10 am. Both non-nitrogen OOMs and nitrogen-containing OOMs 

240 start to rise at 6 am; nitrogen-containing OOMs reach a peak at 11 am and non-nitrate OOMs 
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241 reached the peak one hour later. In daytime, OOMs increase along with the increase of solar 

242 radiation due to photochemistry, and decrease more slowly than sulfuric acid. This slower decrease 

243 of OOMs can be attributed to the continuing formation via ozone oxidation and the lower removal 

244 efficiency via condensation onto particles compared to sulfuric acid; it will be discussed in Section 

245 3.2. In addition, the secondary peak of nitrogen-containing OOMs at around 10 pm may be due to 

246 the onset of NO3 chemistry at nighttime. 

247 ===================

248 Place Figure 3 Here

249 ===================

250 3.2 Particle growth contributed by OOMs condensation

251 The growth rates of 1.5-25 nm particles driven by condensation of OOMs are approximately 0.25-

252 3.4 nm·h-1, and show clear seasonal variations. As shown in Fig. 4, the condensation rates of 

253 OOMs, i.e., the sum of non-nitrate and nitrate OOMs, are the highest in summer, ranging from 

254 1.7-3.4 nm·h-1, followed by 0.7-2.0 nm·h-1 of spring, 0.96-1.48 nm·h-1 of autumn, and 0.25-0.3 

255 nm·h-1 of winter. For particles in the same size range, the growth rates contributed by OOMs in 

256 summer can be 6.5-13 times of those in winter. In addition, the contribution of nitrogen-containing 

257 OOMs to particle growth is larger than that of non-nitrate HOMs in all size ranges and all four 

258 seasons, with calculated growth rates of 0.2-2.6 nm·h-1 and 0.05-0.9 nm·h-1, respectively. 

259 Moreover, particle growth contributed by sulfuric acid and its clusters, nitrogen-containing OOMs, 

260 and non-nitrate OOMs have different size dependencies. With increasing particle diameter, the 

261 contribution by OOMs shows a flat or increasing trend, while the contribution by sulfuric acid 

262 considerably decreases. Taking summer as an example, from 1.5-3 nm to 15-25 nm, the 

263 contribution of sulfuric acid and its clusters decreased from 2.95 to 1.18 nm·h-1, nitrogen-

264 containing OOMs increased from 1.03 to 2.76 nm·h-1, and non-nitrogen OOMs increased from 

265 0.78 to 1.0 nm·h-1. 

266 ===================
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267 Place Figure 4 Here

268 ===================

269 The difference of condensation growth rates during four seasons is primarily due to the strong 

270 seasonal variation of the condensable OOM concentration. As shown in Figs. 5a & b, the 

271 condensation growth rate contributed by OOMs correlated well (Pearson correlation coefficient of 

272 0.95-0.99 in linear scale) with the condensable OOM concentration for each particle size range 

273 (Fig. S10). This is because that the volatility distributions of both non-nitrogen OOMs and 

274 nitrogen-containing OOMs are relatively stable in four seasons (Fig. S11). Therefore, for any given 

275 particle size, the driving force of particle growth is almost solely determined by the gas-phase 

276 concentration of condensable OOMs. As shown in Fig. 6, the concentrations of both non-nitrogen 

277 OOMs and nitrogen-containing OOMs vary by almost one order of magnitude, leading to similar 

278 extent of variations in particle growth rate. 

279 ===================

280 Place Figure 5 Here

281 ===================

282 ===================

283 Place Figure 6 Here

284 ===================

285 In addition to vapor concentration, the effectiveness of vapor condensation also influences the 

286 contribution of a certain gaseous species to particle growth. Here, we use the term "growth 

287 promotion efficiency (GPE)", defined as the resulted growth rate per unit concentration (e.g., nm·h-

288 1/cm-3). From this perspective, sulfuric acid and its clusters are the most efficient condensable 

289 vapors, followed by non-nitrate OOMs and nitrogen-containing OOMs (Fig. 5c). The GPE is 
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290 essentially determined by the bulk volatility and the averaged molar mass of different species.52 

291 Sulfuric acid, although with a small molar mass, can hardly evaporate, so that it has the highest 

292 efficiency. For the case of OOMs, non-nitrogen OOMs and nitrogen-containing OOMs have 

293 similar molar mass, but the bulk volatility of non-nitrate OOMs is lower than that of nitrogen-

294 containing OOMs (Figs. S12-13). Therefore, the GPE of non-nitrate OOMs is higher than that of 

295 nitrogen-containing OOMs, and with the same vapor concentration, non-nitrate OOMs lead to 

296 larger growth rates than nitrogen-containing OOMs do. 

297 Taking both the vapor concentration and GPE into consideration, we could explain the difference 

298 of condensation growth rate between non-nitrogen OOMs and nitrogen-containing OOMs. The 

299 total concentrations of condensable nitrogen-containing OOMs are 2.67-3.37 times of non-

300 nitrogen OOMs (Fig. 6), but the lower GPE of nitrogen-containing OOMs (Fig. 5c) partially offsets 

301 the higher concentration. As a whole, the growth rates contributed by nitrogen-containing OOMs 

302 are 1-2.33 times of that by non-nitrogen OOMs. 

303 As also shown in Fig.5c, the GPE of different species varies differently across particle sizes. For 

304 sulfuric acid and its clusters, their GPE decrease with increased particle sizes. This is because 

305 condensation of same amount of sulfuric acid causes smaller increases in diameters for large 

306 particles than for small particles. Similar effect is expected for OOMs, however, OOM 

307 condensation is also strongly influenced by the Kelvin effect. More OOMs can condense as 

308 particles grow larger and the Kelvin effect diminishes, which compensates the size effect and leads 

309 to an overall weak size dependence. 

310 4 Atmospheric implications

311 This study reports the seasonal characteristics of OOMs in an urban environment and supplements 

312 for the global scheme14, which helps to better understand OOMs formation in different 

313 environments. We found an atmospheric relevance between solar radiation and OOMs 

314 concentration in a seasonal scale: with the increase of solar radiation intensity (from winter to 

315 summer), the concentration of day-time OOMs rises rapidly first and then increases slowly (Fig. 

316 S8a). The strength of solar radiation is correlated with OH radical concentration and atmospheric 

317 temperature.53, 54 Since the concentration of precursors in winter is not significantly lower than 

318 other seasons (Fig. S9a) and its loss through condensation sink is not higher than other seasons 
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319 (Fig. S9c), the lower oxidant concentrations (e.g. OH radical) and lower temperature may 

320 substantially limit the formation of OOMs in wintertime. Compared with the seasonal variations 

321 of VOC precursors and condensation sink, photochemical strength seems to play a more important 

322 role in the seasonal variation of OOM concentrations based on its better consistency (Fig. S9). 

323 This correlation may also exist in other mid-latitude urban and forested environments that with 

324 distinct seasonal changes. 

325 In urban Beijing, sulfuric acid and its clusters can explain a significant fraction of the observed 

326 growth of 1.5-3 nm particles10, and OOMs have a significant contribution to the growth of 3-25 

327 nm particles (Fig. 7). The higher contribution of sulfuric acid and its clusters in 1.5-3 nm particles 

328 can be explained by its high GPE at this size range (Fig. 5c). In addition, the concentration of 

329 sulfuric acid rises early and steeply during the time window when the initial growth of new 

330 particles occurs (Fig. 3). For larger (3-25 nm) particles, despite the lower GPE of OOMs than 

331 sulfuric acid, OOMs start to dominate particle growth, due to the much higher vapor concentration 

332 and the increasingly weaker Kelvin effect. Overall, the contributions by sulfuric acid and OOMs 

333 can explain a major fraction of the observed growth rate in all size ranges of 1.5-25 nm. 

334 It was reported that NPF events in Beijing can contribute to the surface area concentration and 

335 mass concentration of atmospheric aerosols (mainly governed by particles larger than 100 nm), 

336 especially under conditions with a fast growth of newly formed particles.5, 55 Although this study 

337 focused on the growth of nanoparticles, the condensation of OOMs is expected to contribute 

338 significantly to the growth of large particles as well.

339 However, winter is an exception. A clear discrepancy remains between simulated and observed 

340 growth rate in 3-25 nm particles, which may be an indication of some missing contributors. One 

341 plausible cause is the underestimation of condensable OOM concentration at low temperatures. 

342 Nitrate CI-APi-ToF is less sensitive to moderately oxidized molecules,56 while with the decrease 

343 of temperature, some moderately oxidized organics may become condensable and contribute to 

344 particle growth.57 Meanwhile, particle-phase processes could promote particle growth through 

345 lowering the volatility of particles-phase organics,58 including condensed phase reactions and 

346 oligomerization.59 Another possible reasons is the missing contribution by HNO3 and NH3 at low 

347 temperatures, as suggested by a recent chamber study.60
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348 ===================

349 Place Figure 7 Here

350 ===================

351 In some cases, the simulated particle growth rates are higher than observed values (Fig. 7). This 

352 may arise from two sources of uncertainties. One is the uncertainty in growth rate simulation, 

353 which mainly comes from the estimation of OOMs volatility (Fig. S5). The other is from the 

354 calculation of observed growth rate. As illustrated by Deng et al.,10 growth rates calculated using 

355 the appearance time method and the log-normal distribution method can sometimes differ by a 

356 factor of 2. We investigated the results of appearance time growth rate and corrected the influence 

357 by particle coagulation61 (Figs. S14-15). The ratios of simulated growth rate over observed growth 

358 rate are lower when particle growth rates are calculated with the appearance time method. However, 

359 our findings on the important role of OOMs in explaining the growth rate of 3-25 nm particles 

360 remain valid. In addition, the sum of OOMs, sulfuric acid and its clusters is still far from explaining 

361 the observed growth rate (appearance time method) in winter. 

362
363 Supporting Information

364 It includes the detailed information on the calculation method of simulated growth rate; 

365 comparison of observed oxygenated organic molecules in all of the four seasons using Venn plot 

366 (Figure S1); the proportion of carbon-resolved non-nitrogen OOMs and nitrogen-containing 

367 OOMs in Beijing and other atmospheric environment (Figures S2 & S3); the diurnal variation of 

368 sulfuric acid, non-nitrogen OOMs and nitrogen-containing OOMs in all of the four seasons (Figure 

369 S4); the comparison of two volatility parameterization methods (Figure S5); the volatility 

370 distribution of observed oxygenated organic molecules (OOMs) in Beijing for four seasons (Figure 

371 S6); the relations between H to C ratio and O to C ratio of known OOMs peaklists from laboratory 
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372 studies (Figure S7); the relations of condensable oxygenated organic molecules with temperature 

373 and solar radiation (Figure S8); seasonal variations of volatile organic compounds, temperature 

374 and solar radiation, and condensation sink (CS) in Beijing (Figure S9); relations of size-resolved 

375 simulated growth rate and condensing vapor concentration (Figure S10); the relations of driving 

376 force and OOMs concentration (Figure S11); the growth efficiency of different kinds of 

377 condensing vapors (Figure S12); the volatility distribution of non-nitrogen OOMs and nitrogen-

378 containing OOMs (Figure S13); the relations of simulated GR and observed GR (appearance time 

379 method) for different particle size bins (Figures S14 & S15); the condensation growth rate 

380 contributed by OOMs with different volatilities for 1.5-25 nm particles (Figure S16); six examples 

381 for peak identification in tofTool (Figure S17); concentration of total OOMs in new particle 

382 formation (NPF) days and non-NPF days. (Figure S18); and the identified nitrated phenol peaks 

383 during the measurement (Table S1). 
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721 Figures.

722

723

724 Figure 1. Mass-defect plot of observed oxygenated organic molecules (OOMs) in Beijing of 

725 spring. The detected OOMs are marked in the mass-defect plot by their exact mass and mass defect 

726 (exact mass subtracted by its unit mass). The differences in molecular composition are shown at 

727 regular spacing in the mass-defect plot. Adjacent points on the two direction lines are differed by 

728 a -CH2- group or oxygen atom in composition. The general chemical formulas are annotated by 

729 the lines. OOMs with different numbers of nitrogen atoms are shown in different colors. Nitrated 

730 phenols are classified separately. The size of the circle corresponds to the concentration of OOMs. 

731
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732

733 Figure 2. Comparison of atmospheric oxygenated organic molecules (OOMs) measured by nitrate 

734 CI-APi-ToF at different locations worldwide. Boxes in black and red are results of total OOMs 

735 and condensable OOMs of urban Beijing during the whole observation periods in this study. Boxes 

736 in gray are previous results around the world, including Yan et al.51 and Zha et al.62 in Hyytiälä 

737 forest, Kürten et al.63 in Vielbrunn village, Mutzel et al.64 in Kilpilahti, Sarnela et al.65 in 

738 Centreville, and Krechmer et al.25 in Melpitz. Among them, Vielbrunn and Centreville only report 

739 the main oxidation products of monoterpene and isoprene respectively. The boundaries of boxes 

740 on x-axis correspond to the 25th and 75th values. Lines and points in boxes are median and mean 

741 concentration respectively. 

742
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743

744 Figure 3. Diurnal variation of observed oxygenated organic compounds and other measured 

745 parameters in summer. Note that the particle size distribution shown in the top panel is the 

746 averaged result of new particle formation days. 

747
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748

749 Figure 4. Simulated growth rates contributed by sulfuric acid and its clusters, non-nitrogen OOMs, 

750 and nitrogen-containing OOMs. Markers are the averaged results. Error bars are the standard 

751 deviations of the simulated results. There are 11, 5, 6 and 5 new particles cases for winter, spring, 

752 summer and autumn respectively. The particle growth period of each case (generally 7 am-12 pm) 

753 is used for simulation. 

754

755
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756

757 Figure 5. Growth promotion efficiency of different condensing vapors in condensation growth 

758 rate. (a)-(b) Vapor concentration and simulated condensation growth rate for different particle size 

759 bins, including sulfuric acid and its clusters, non-nitrogen OOMs, and nitrogen-containing OOMs. 

760 Solid lines are the linear regressions for different vapors. (c) Slopes of linear regressions 

761 (GRsimulated v.s. concentration) for different particle size bins, including 1-3 nm, 3-7 nm, 7-15 nm, 

762 and 15-25 nm. The green circle represents non-nitrogen OOMs, the red triangle represents 

763 nitrogen-containing OOMs, and the gray square represents sulfuric acid and its clusters. The caps 

764 of markers in panel (c) are error bars for linear regression uncertainties, which range in 7.2×10-10 

765 - 4.3×10-9 nm·h-1/cm-3. 

766

767

768
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769

770

771 Figure 6. Concentrations of condensable oxygenated organic molecules (OOMs) in four seasons. 

772 Markers are the averaged results. Error bars are the standard deviations. The green circle represents 

773 non-nitrogen OOMs, the red triangle represents nitrogen-containing OOMs, and the gray square 

774 represents sulfuric acid and its clusters. 

775
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777

778 Figure 7. The relations of simulated growth rate and observed growth rate for different particle 

779 size bins. Results of different seasons are shown in different shapes of markers. The x-axis is the 

780 observed growth rate and the y-axis is the simulated growth rate. The simulated growth rate of 

781 sulfuric acid and its clusters are shown in gray, and the blue ones are sulfuric acid and its clusters 

782 plus OOMs. The dashed lines are 1:1 lines. Note the observed growth rates are calculated using 

783 mode fitting method. 
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