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Abstract. Ultra fine particles (UFP) cover the size range of both nucleation mode particles 1 

(NUC, Dp<25 nm) and Aitken mode particles (AIT, 25 nm < Dp <100 nm), and play 2 

important roles in radiative forcing and human health. In this study, we identified new 3 

particle formation (NPF) events and undefined events, explored their potential formation 4 

mechanism, and quantified their contributions to UFP number concentration (NUFP) in urban 5 

Dongguan of the Pearl River Delta (PRD) region. Field campaigns were carried out in four 6 

seasons in 2019 to measure particle number concentration in the size range of 4.7-673.2nm, 7 

volatile organic compounds (VOCs), gaseous pollutants, chemical compositions in PM2.5, 8 

and meteorological parameters. The frequency of the occurrence of NPF, as indicated by a 9 

significant increase in NUC number concentration (NNUC), was 26%, and that of the 10 

undefined event, as indicated by substantial increases in NNUC or AIT number concentration 11 

(NAIT), was 32% during the whole campaign period. The NPF events mainly occurred in 12 

autumn (with a frequency of 59%) and winter (33%) and only occasionally in spring (4%) 13 

and summer (4%). On the contrary, the frequencies of the undefined events were higher in 14 

spring (52%) and summer (38%) than in autumn (19%) and winter (22%). The burst periods 15 

of the NPF events mainly occurred before 11:00 Local Time (LT), while those of the 16 

undefined events mainly occurred after 11:00 LT. Accompanied to NPF events were low 17 

concentrations of VOCs and high concentrations of O3. The undefined events by NUC or 18 

AIT were associated with the upwind transport of newly formed particles. Source 19 

apportionment analysis suggested that NPF and undefined events were the largest 20 

contributor to NNUC (51±28%), NAIT (41±26%), and NUFP (45±27%), while coal combustion 21 

and biomass burning, and traffic emission were the second largest contributor to NNUC 22 

(22±20%) and NAIT (39±28%), respectively. 23 

 24 
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1. Introduction 27 

Ultrafine particles (UFP, with an electrical mobility diameter (Dp) smaller than 100 28 

nm) accounted for 80%-90% of total particle number concentration in urban 29 

environments (Mejía et al., 2008; Salma et al., 2011). UFP is an essential source of 30 

droplet mode particles and cloud condensation nuclei, and plays key role in haze 31 

formation, cloud formation, and radiative forcing (Guo et al., 2014; Junkermann and 32 

Hacker, 2018; Kulmala et al., 2021, 2022; Mishra et al., 2023; Peng et al., 2021). UPF 33 

also has a marked impact on human health via deep penetration into the lungs and blood 34 

systems (Schraufnagel, 2020). Traffic emission is an important source of UFP, which 35 

could contribute about 44%-71% of UFP number concentration (NUFP) in urban and 36 

roadside environments (Brines et al., 2015; Rivas et al., 2020; Sowlat et al., 2016). 37 

Another important source of UFP is through new particle formation (NPF) processes.  38 

UFP covers the particle size range of both nucleation mode particles (NUC, 39 

Dp<25 nm) and Aitken mode particles (AIT, 25 nm < Dp <100 nm). Available literature 40 

reported NUC number concentration (NNUC) and AIT number concentration (NAIT) 41 

account for about 18-32% and 68-82%, respectively, of NUFP (Kanawade et al., 2014; 42 

Németh et al., 2018; Zhang et al., 2017). However, a number fraction as high as 40% 43 

of NNUC in NUFP was also reported on days with NPF events (Yadav et al., 2021). On 44 

days with undefined events, which were caused mainly by regional transport or the 45 

aging process of newly formed particles (Buenrostro Mazon et al., 2009), NNUC and 46 

NAIT equally contributed to NUFP (Varanda Rizzo et al., 2018).  47 

High frequencies of NPF events have been reported in China, e.g., in the PRD 48 

region (23%), the Yangtze River Delta region (YRD) (27%), and the North China Plain 49 

(NCP) (34%) (Zhang et al., 2021), which have drawn increasing attention of UFP on 50 

the environmental, climate and health impacts (Kulmala et al., 2021; Kulmala et al., 51 
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2022; Lin et al., 2021; Tang et al., 2021). The NPF events, besides traffic emission (Liu 52 

et al., 2014; Wang et al., 2013b; Wu et al., 2021; Zhang et al., 2022), are responsible 53 

for the higher number fractions of NNUC and NAIT in NUFP in these regions (Huang et al., 54 

2022; Shang et al., 2023; Zhao et al., 2021). To date, few studies have systematically 55 

explored the formation mechanisms of the NPF and undefined events or quantified their 56 

contributions to NUFP in the PRD region (Gong et al., 2010; Liang et al., 2021; Liu et 57 

al., 2008; Tan et al., 2016; Yue et al., 2013). 58 

To fill these knowledge gaps, an integrated campaign was conducted in four 59 

seasons in 2019 in urban Dongguan, one of the cities in the PRD region with the highest 60 

number concentrations of fine particles (Huang et al., 2017; Tan et al., 2016). The 61 

particle number size distributions (4.7-637 nm), volatile organic compounds (VOCs), 62 

gaseous pollutants (SO2, HONO, O3, NO2), dominant chemical compositions (OC, EC 63 

and elements) in PM2.5, and meteorological parameters were measured synchronously. 64 

The occurrence frequencies and formation mechanisms of the NPF and undefined 65 

events and the sources of NUFP, NNUC, and NAIT were analyzed. Knowledge generated 66 

from this study will be helpful for formulating effective reduction strategies for fine 67 

particles in this region. 68 

2. Methodology 69 

2.1. Sampling descriptions 70 

The sampling site was located inside a supersite of the Dongguan Sub-branch of 71 

Guangdong Ecological and Environmental Monitoring Center (113°47′24″E ，72 

23°01′16″N) in urban Dongguan. All the online instruments, including a scanning 73 

mobility particle sizers (SMPS, TSI model 3938), an online gas chromatography-flame 74 

ionization detector-mass spectrometer (GC-MS), a Monitor for AeRosols and Gases in 75 

Ambient Air (MARGA), an atmospheric routine monitoring system (Thermo Scientific, 76 
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42i, 43i, and 49i), a carbon analyzer (SUNSET, Model 4), and an online X-ray 77 

fluorescence spectrometer, were installed in temperature-controlled rooms (about 25°C) 78 

on the roof of a building 10 m above ground. Meteorological parameters, including 79 

wind direction and speed, relative humidity (RH), temperature (Temp), solar radiation 80 

(SR), Ultraviolet B radiation (UVB), and precipitation, were measured by the automatic 81 

meteorological station (Vaisala Company, model MAWS201 and Campbell CR 1000), 82 

which was installed on the roof of the same building. The sampling information is 83 

summarized in Table 1. 84 

2.2. Particle number size distributions 85 

Particle number concentration for particles with mobility diameter (Dp, similar to 86 

Dg) in the range of 4.7-63.8 nm was measured using an SMPS (TSI model 3938) 87 

combined with a differential mobility analyzer (DMA, TSI model 3085) and a 88 

condensation particle counter (CPC, TSI model 3776) at a 5-min resolution. The flow 89 

rate of the sample air and the sheath air were 1.5 and 15.0 L min−1, respectively. Particle 90 

number concentration for particles in the range of 14.9-673.2 nm in mobility diameter 91 

(Dp) was measured using an SMPS (TSI model 3938) combined with a DMA (TSI 92 

model 3081) and a CPC (TSI model 3775) at a 5-min resolution. The flow rate of the 93 

sample air and the sheath air were 0.3 and 3.0 L min−1, respectively. To exclude the 94 

impact of particle hygroscopic growth on the measured size distribution, ambient air 95 

was forced to pass through three total suspended particulate (TSP) cyclones, stainless 96 

steel tubes, and silica gel driers before being sampled by the SMPS. RH within the 97 

system was kept below 30%. The size-dependent diffusion losses in connecting tubes 98 

were calculated according to the method described by Yue et al. (2016). The SMPS 99 

toolkit was utilized to process the SMPS data (Wu, 2017).  100 
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2.3. Online measurements of gaseous pollutants and chemical composition of 101 

particles  102 

An online GC-MS (airmoSCANXPERT, Chromatotec) was applied to monitor 53 103 

VOCs species at a 1-hour resolution, including alkanes, alkenes, alkynes and aromatics. 104 

The 53 monitored VOCs were calibrated weekly using a mixed calibration gas (SCOTT, 105 

USA), and the instrument accuracy was controlled within 10%. More detailed 106 

information can refer to de Blas et al. (2011). A total of 15 VOCs species, including 107 

ethylene, acetylene, ethane, propane, isobutane, n-butane, isopentane, n-pentane, 108 

benzene, toluene, n-octane, ethylbenzene, m-xylene, p-xylene, and o-xylene, were 109 

selected in the present study, which accounted for about 90% of the total VOCs 110 

concentration. Gaseous pollutants, including SO2, O3, and NO2, were measured by an 111 

atmospheric routine monitoring system (Thermo Scientific, 42i, 49i, and 42i). HONO 112 

was measured by a MARGA (ADI 2080). More detailed information can refer to 113 

Rumsey et al. (2014).  114 

A model RT-4 Sunset semi-continuous carbon analyzer with a PM2.5 cutoff inlet 115 

(Sunset Laboratory Inc, OR, USA) was utilized to measure OC and EC with a time 116 

resolution of 1-hour. More detailed information can refer to Bauer et al. (2009). Ten 117 

elements (K, V, Cr, Mn, Ni, Cu, Zn, As, Se, and Pb) plus Pd (for quality assurance) were 118 

semi-continuously measured by an online X-ray fluorescence spectrometer (Cooper 119 

Environmental Services, Model Xact 625i) with a PM2.5 impactor inlet at 1-h resolution. 120 

More detailed information can refer to Furger et al. (2017).  121 

2.4. Data analysis 122 

2.4.1 Identification of NPF and undefined events  123 

We used the method described by Dal Maso et al. (2005) to identify the occurrence 124 

of NPF and undefined events. In this method, synchronous increases in both NNUC and 125 
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NAIT are considered to be caused by NPF events, while an increase in either NNUC or 126 

NAIT, but not both, is considered an undefined event, as detailed below. The criteria for 127 

identifying an NPF event are: (1) at least a three-fold increase in N<10nm (number 128 

concentration of particles with Dp < 10 nm) for at least 1 hour (the cutoff size of 10 nm 129 

rather than 25 nm (N10-25nm) was used to ensure that NPF event was originated from 130 

local formation process rather than from regional transport), and (2) a synchronously at 131 

least one-fold increase in NAIT. The criteria for identifying the undefined event by NUC 132 

based on NNUC increase are: (1) at least a two-fold increase in N<10nm, and (2) less than 133 

a 15% increase in NAIT. The criteria for identifying an undefined event by AIT based 134 

on NAIT increase are: (1) at least a 1.5-fold increase in NAIT, and (2) less than a 10% 135 

increase in N<10nm. In any of the NPF or undefined events, no precipitation is allowed 136 

to occur to objectively compare the intensity of NPF or undefined events in different 137 

seasons. Any day not meeting the criteria of an NPF day, an undefined day by NNUC 138 

increase, or an undefined day by NAIT increase described above was defined as a non-139 

event day. 140 

2.4.2 Estimation of formation rate and H2SO4 molecule concentration 141 

The formation rate (Jdp) describing the nucleation strength of NPF can be 142 

calculated by equation (1) (Kulmala et al., 2012): 143 

Jdp =
dNdp

dt
+ CoagSdp × Ndp +

GRdp

∆dp
× Ndp                                                                   (1) 144 

Where Ndp is the particle number concentration in the size range [dp, dp+∆ dp], 145 

CoagSdp is the particle loss rate by coagulation with other particles, and GRdp is the 146 

growth rate of newly formed particles. Here dp is chosen as 4.7 nm and ∆dp as 20.3 nm, 147 

corresponding to the size range of 4.7–25 nm. CoagSdp is calculated by equation (2) 148 

(Lehtinen et al., 2007) and GRdp by equation (3) (Kulmala et al., 2012) below: 149 
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CoagSdp = 𝐶𝑆 × (
𝑑𝑝

0.71
)𝑚                                                                                                       (2) 150 

GRdp =
∆GMD

∆t
                                                                                                                         (3) 151 

In literature, the index m ranged from −1.75 to −1.5 (Kulmala et al., 2012) and 152 

−1.6 was used in the present study. The condensation sink (CS), defined as the rate at 153 

which condensable vapors condense on pre-existing particles, was calculated by 154 

equation (4) below (Lehtinen et al., 2003; Salma et al., 2011). ∆GMD is a variation of 155 

the geometric mean diameter (GMD) in the nucleation mode (4.7-25 nm).  156 

CS = 2𝜋𝐷 ∑ 𝛽𝑚(𝑑𝑝,𝑖)𝑑𝑝,𝑖𝑁𝑖

𝑖

                                                                                              (4) 157 

Where D is the diffusion coefficient of the condensing vapor and βm is the 158 

transition correction factor for mass flux. The variables dp,i and Ni are the diameter and 159 

the number concentration, respectively, of particles in size bin i. D and βm were 160 

calculated by equations (5) and (6) below: 161 

D = 5.0032 × 10−6 + 1.04 × 10−8T + 1.64 × 10−11T2 − 1.566 × 10−14T3         (5) 162 

βm =
1 + Kn

1 + （
4

3𝛼 +0.377）Kn +
4

3𝛼 Kn
2

                                                                              (6) 163 

D is the diffusion coefficient (m2 s−1) and T is the Kelvin temperature. T was 164 

chosen as 300.7 K in spring, 304.5 K in summer, 298.0 K in autumn, and 292.1 K in 165 

winter in the present study. α = 1 was used in the present study (Jayaratne et al., 2017). 166 

Knudsen number (Kn) was calculated by equation (7): 167 

Kn =
2λ

dp
                                                                                                                                      (7) 168 

λ = 108 nm was used in the present study (Kulmala et al., 2012). 169 

In addition, the molecule concentration of H2SO4 can be estimated by equation (8), 170 

according to the method recommended by Lu et al. (2019): 171 
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[H2SO4] = 280.05 × UVB0.14 × [SO2]0.40                                                                         (8) 172 

Here, the unit for [H2SO4] and [SO2] is in molecule cm−3, and the unit for UVB is 173 

in W m−2. 174 

2.4.3 Weather Research and Forecasting (WRF) model and Positive matrix 175 

factorization (PMF) model 176 

The surface wind was simulated by the WRF model (version 4.1.5) during the 177 

typical NPF events, undefined events by NUC, and undefined events by AIT. Three 178 

nested domains with horizontal resolutions of 25 km, 5 km, and 1 km, respectively, 179 

were applied, with the innermost domain covering the whole city of Dongguan. More 180 

detailed information can refer to Tao et al. (2022). 181 

Positive matrix factorization (PMF) model version 5.0 was used to quantify the 182 

contributions of dominant potential sources to UFP in the present study. To reduce the 183 

uncertainties of PMF results, NUFP (NNUC and NAIT), Water Soluble Inorganic Ions 184 

(WSIIs), and elements with hourly concentrations below Method Detection Limits 185 

(MDLs) were removed. In addition, 21 variables, including 3-hour average NUFP, 186 

N<10nm, N10-25nm, NAIT, estimated H2SO4, O3, UVB, and chemical tracers (SO2, NO2, OC, 187 

EC, K, V, Cr, Mn, Ni, Cu, Zn, As, Se, and Pb) for primary combustion sources, were 188 

used as input for the PMF model. In this study, we have tested five, six, seven, and eight 189 

different sources in the PMF analysis. PMF was then run more than one hundred times 190 

with different Fpeak values (±0.5 and ±1.0) to confirm the stabilities of the selected 191 

results. PMF results suggest a seven-factor model (Fpeak = -0.5) provided the most 192 

physically reasonable source profiles.  193 
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3. Results and Discussion 194 

3.1. Frequencies of the NPF and undefined days, and general characteristics of 195 

particle number concentrations 196 

Using the criteria described in section 2.4.1, we identified 27 days having NPF 197 

events and 34 days having undefined events during the whole campaign period of a 198 

total of 105 days (Fig.1). On annual average, the frequency of NPF days was 26% in 199 

urban Dongguan, which was similar to those reported for other cities in the PRD (23%), 200 

YRD (27%), and NCP (34%) region (Chu et al., 2019; Dai et al., 2017; Deng et al., 201 

2020; Qi et al., 2015; Wang et al., 2013c; Xiao et al., 2015; Zhang et al., 2021). 202 

Furthermore, it is worth noting that the frequencies of NPF days observed in China are 203 

similar to those observed in certain cities in India, such as in Kanpur, Hyderabad, and 204 

Pune with an average frequency of 32% (Kanawade et al., 2014; Sebastian et al., 2021; 205 

Siingh et al., 2013; 2018). Most NPF days occurred in autumn (with a frequency of 206 

59%) and winter (33%) and only occasionally occurred in spring (4%) and summer 207 

(4%). However, if including the four NPF events occurred on rainy days in the spring 208 

and summer, the frequency of NPF days in spring and summer would be just above 209 

10%, while the annual frequency of NPF days would also increase to 30%.  210 

On annual average, the frequency of undefined days was 32% (34 days out of 105 211 

days), of which 4% (4 days) was from undefined days by NUC and 28% (30 days) from 212 

undefined days by AIT. The undefined days by NUC only appeared in autumn (75%) 213 

and winter (25%), and no event in the other seasons, while the frequencies of undefined 214 

days by AIT mainly occurred in spring (47%), followed by summer (30%) and winter 215 

(17%), and least in autumn (6%) (Table 2). In addition, 5 and 7 undefined events by 216 

AIT were also observed on rainy days in spring and summer, respectively. If including 217 

these rainy-day events, the annual frequency of the undefined days would reach 44%, 218 
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which was much higher than those reported for other cities in the YRD region (4%) 219 

(Ling et al., 2019) and the NCP region (5-30%) (Cai et al., 2021; Deng et al., 2020; 220 

Wang et al., 2013a). 221 

Annual average NUFP were (18.0±16.0) ×103 cm-3, (12.6±5.3) ×103 cm-3, and 222 

(10.0±2.8) ×103 cm-3, respectively, during the NPF, undefined, and non-event days 223 

(Table 2). The ratios of NNUC to NAIT were 1.0±2.0, 0.6±0.8, and 0.5±0.4, respectively, 224 

during the NPF, undefined, and non-event days. The average seasonal ratio of NNUC to 225 

NAIT did not vary much on non-event days, with a balance of 0.5-0.7 in four seasons. 226 

In contrast, the ratios in summer during the NPF (0.6±0.5) and undefined days (0.3±0.3) 227 

were evidently lower than those in the other seasons (1.0-1.3 on NPF days and 0.6-0.8 228 

on undefined days).  229 

During the burst periods of NPF events, NNUC was much higher than NAIT, as 230 

indicated by the much higher than 1.0 ratio of NNUC to NAIT in all the seasons (2.0, 2.5, 231 

6.1±2.9, and 6.6±2.3 in spring, summer, autumn, and winter, respectively). During the 232 

growth periods of NPF event, NNUC decreased while NAIT increased, resulting in the 233 

decreasing ratio of NNUC to NAIT; however, NNUC was still slightly higher than NAIT most 234 

of the time, as indicated by the ratio of 1.1±0.6. Thus, NUFP was mainly determined by 235 

NNUC during the burst period and by both NNUC and NAIT during the growth period of 236 

NPF events.  237 

On the undefined days and non-event days, NAIT was much higher than NNUC in 238 

all four seasons. Although NNUC and NAIT during the undefined days were higher than 239 

those during non-event days, the ratio of NNUC to NAIT was similar (0.6±0.8 on 240 

undefined days and 0.5±0.4 on non-event days). In addition, the ratio of NNUC to NAIT 241 

was 0.5±0.3 during the undefined events by AIT, which was similar to those during the 242 

undefined events and non-event days. These results suggested NUFP was mainly 243 
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determined by NAIT during the undefined events and non-event days in four seasons. In 244 

contrast, the ratio of NNUC to NAIT was 4.6±2.8 during the undefined events by NUC, 245 

which was evidently higher than during the non-event days.  246 

3.2. Formation mechanisms of NPF events 247 

The burst periods of NPF event mainly occurred during 10:40 – 11:15 & 11:40 -248 

12:15 LT in spring (1 event), 10:15 - 11:15 LT in summer (1 event), 9:20 - 11:00 LT in 249 

autumn (16 events), and 10:00 - 12:30 LT in winter (9 events) (Fig. S1 and Table S1). 250 

These hours generally had high concentrations of OH radical in suburban Guangzhou 251 

of the PRD region (Lu et al., 2012). The burst durations of NPF events were 1.2, 1.0, 252 

1.7±0.7, and 2.5±1.0 hours in spring, summer, autumn, and winter, respectively. The 253 

growth periods following the burst period of NPF events mainly occurred at 12:20 - 254 

17:10 LT in spring, 11:20 - 17:50 LT in summer, 11:05 - 23:55 LT in autumn, and 12:35 255 

- 23:55 LT in winter (Table S1). On seasonal average, the growth durations of NPF were 256 

5.1, 6.5, 7.0±4.2, and 7.5±3.1 hours in spring, summer, autumn, and winter, respectively.  257 

NPF events were mainly related to episodes of H2SO4, base molecules (ammonia 258 

and amines), and oxidized organic molecules in urban environments in China (Cai et 259 

al., 2021; Li et al., 2022; Yan et al., 2021; Yao et al., 2018). Here we used the estimated 260 

molecule concentration of H2SO4, the measured mass concentration of atmospheric 261 

oxidants (e.g., HONO and O3, representing OH radical) and reducing gases (e.g., VOCs, 262 

NO2), and measured meteorological factors (e.g., SR, UVB) to explore the possible 263 

formation mechanisms of typical NPF events in four seasons (Table S2). Generally, the 264 

NPF event is always accompanied by the rapid formation of H2SO4 via the reaction 265 

between SO2 and OH radicals (Lu et al., 2018; Yue et al., 2010). The source of OH 266 

radical mainly originated from the photolysis of HONO and O3 in the PRD region 267 

(Hofzumahaus et al., 2009; Lu et al., 2012; Tan et al., 2019). On the contrary, the sink 268 
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of OH radical was related to photochemical reactions between reducing gases (e.g., 269 

VOCs, NO2, CO, and SO2) and OH radical (Lu et al., 2018; Seinfeld and Pandis., 2016). 270 

The gaseous pollutants (VOCs and NO2) would compete with SO2 for OH radical, 271 

according to the rate constants of the reactions of OH radical with these reducing gases 272 

(Seinfeld and Pandis., 2016).  273 

Typical NPF events were selected for the more detailed analysis below using the 274 

following selection criteria: burst duration > 1h, growth duration > 6.5h, and NNUC > 275 

35.0×103#cm-3. Eight NPF events met the criteria, of which four were in autumn 276 

(October 29-31 and November 1), and four were in winter (December 4, 7, 8, and 27). 277 

In addition, the only NPF event in spring (May 1) and the only one in summer (August 278 

20) were also selected for a more detailed analysis despite the fact that these two events 279 

did not meet the criteria.  280 

Lower VOCs and NO2 concentrations were observed during NPF burst periods, 281 

compared to those during the same hours on non-event days, on most NPF events 282 

regardless of the season, for example, at 10:00-11:00 LT (burst period, 10:40-11:15 LT 283 

and 11:40-12:15 LT) on May 1, 10:00 LT (burst period, 10:15-11:15 LT) on August 20, 284 

9:00-10:00 LT (burst period, 9:20-11:05 LT) on October 29-31, and 9:00-14:00 LT on 285 

December 4 (burst period, 10:20-14:40 LT), December 7 (burst period, 10:50-14:40 LT), 286 

December 8 (burst period, 9:35-11:35 LT), and December 27 (burst period, 8:55-11:25 287 

LT) (Fig.2, Fig. S2 and Fig. S3). The only two exceptions are NPF events on October 288 

31 and November 1. On October 31, the hourly concentrations of NO2 at 9:00-10:00 289 

LT (burst period, 9:45-11:05 LT) were comparable, but those of VOCs were still 290 

evidently lower than those at the same hours on the non-event days in autumn (Fig. S2). 291 

On November 1, the hourly concentrations of reducing gases (VOCs and NO2) at 9:00-292 

10:00 LT (burst period, 9:20-10:55 LT) were comparable to those at the same hours on 293 
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the non-event days in autumn (Fig. 2, 3), but the hourly concentrations of H2SO4 (> 294 

10.0×106 molecule cm-3) during the burst period of this NPF event were 1.3 -1.5 times 295 

higher than those during the typical NPF events on October 29-31. These phenomena 296 

suggested that low concentrations of reducing gases (VOCs and, to a less extent, NO2 297 

on some days) and/or higher concentrations of H2SO4 were conducive to the occurrence 298 

of NPF events.  299 

In addition, the higher hourly concentrations of O3 (67 µg m-3) but lower hourly 300 

concentrations of HONO (2 µg m-3) at 9:00 - 10:00 LT on the NPF days than that of O3 301 

(37 µg m-3) and HONO (8 µg m-3) on the non-event days (Fig. 2, 3 and Fig. S2 and S3) 302 

suggest that the OH radical that drove the NPF events likely originated from the 303 

photolysis of O3 rather than HONO in this urban environment (Hofzumahaus et al., 304 

2009; Lu et al., 2012). In summary, the occurrences of NPF events in urban Dongguan 305 

were likely accompanied by low concentrations of reducing gases (especially VOCs 306 

and NO2) and high concentrations of H2SO4 and O3. 307 

Noticeably, the intensities (represented by J4.7-25) of the typical NPF events varied 308 

with season, with average J4.7-25 values during the burst periods of NPF events being 309 

much higher in summer (20.6 cm-3 s-1) and autumn (21.5 cm-3 s-1) than in spring (10.3 310 

cm-3 s-1) and winter (12.8 cm-3 s-1). To further investigate the impacts of VOCs, HONO, 311 

O3, and H2SO4 on the intensity of NPF events, the relationships between the mass 312 

concentrations of these gaseous pollutants and J4.7-25 were discussed using the above 313 

ten typical NPF events. If excluding the three outliers on November 1, December 4, and 314 

December 7 (with the hourly concentration of H2SO4 > 8.9×106 molecule cm-3) (Fig. 4a 315 

and b), a moderate positive correlation (R2=0.65, p<0.05) was obtained between the 316 

hourly molecule concentration of H2SO4 and J4.7-25 with a slope of 3.9×106, and a 317 

moderate positive correlation (R2=0.45, p<0.05) was obtained between the hourly mass 318 
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concentration of O3 and J4.7-25. However, a poor correlation (R2=0.01) was obtained 319 

between the hourly mass concentration of HONO and J4.7-25 (Fig. S4). These results 320 

suggested the high value of J4.7-25 was likely determined by the higher mass 321 

concentration of H2SO4 and O3 in most cases of typical NPF events.  322 

For the three exceptional days (November 1, December 4, and December 7) (Fig. 323 

4a), a poor positive correlation (R2=0.25, p>0.05) between the hourly molecule 324 

concentration of H2SO4 and J4.7-25 was found with a much lower regression slope of 325 

0.8×106 than for the other typical NPF events discussed above. However, a moderate 326 

negative correlation (R2=0.33, p>0.05, with the data on August 20 and November 1 327 

being excluded) was found between the hourly concentration of J4.7-25 and VOCs (Fig. 328 

4c). These results suggested the higher mass concentration of VOCs might suppress the 329 

intensity of NPF events, although the higher mass concentration of H2SO4 could trigger 330 

NPF events. In addition, a negative correlation between the mass concentration of O3 331 

and J4.7-25 was found on these days (Fig. S5), likely due to the fact that the higher mass 332 

concentration of VOCs, while suppressing the intensity of NPF event, promoted the 333 

increase of O3 mass concentration (Song et al., 2022). We thus conclude that the 334 

intensity of NPF events might be related to the higher mass concentrations of H2SO4 335 

and O3 and the lower mass concentration of VOCs in urban Dongguan. 336 

Noticeably, only slight increases (31%±30%) in the number concentration of 337 

particles ranging from 100 to 600 nm were observed at the end of ten typical NPF events. 338 

Furthermore, the mass concentration of PM2.5 and the dominant chemical compositions 339 

also exhibited slight increases (29%±25%) at the end of these events (Fig. S6). These 340 

increases were significantly lower than the levels (>100%) observed at the end of NPF 341 

events in the NCP region (Guo et al., 2014; Peng et al., 2021). These findings suggested 342 

that the NPF event in the PRD region resulted in a significant increase in NUPF, but not 343 
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in the number and mass concentration of larger particles. This result could be attributed 344 

to the comparatively weaker intensity of NPF events and more favorable atmospheric 345 

diffusion conditions in this region, as compared to those in the NCP region (Guo et al., 346 

2014; Kulmala et al., 2021; Peng et al., 2021). In addition, the CS/GR ratio in Dongguan 347 

ranges from 30 to 100 (Fig. S7), which is significantly lower than the range (>100) 348 

reported by Chu et al. (2019), but is roughly consistent with the range (<100) 349 

documented in Zhang et al. (2021) for urban areas in eastern China. Overall, the CS/GR 350 

ratio in Dongguan was comparable to those in the PRD and YRD regions, but lower 351 

than those in the NCP region (Chu et al., 2019; Zhang et al., 2021). 352 

3.3. Causes of the undefined event by NUC 353 

Undefined events by NUC were only observed in autumn (October 18, 21, and 354 

November 7) and winter (December 26). The burst periods of the undefined event by 355 

NUC were after 11:00 LT in autumn and winter (Fig. S1 and Table S3), which lagged 356 

the burst period of NPF events by around 1 hour. The burst durations of the undefined 357 

events by NUC were 2.1±0.9 and 1.8 hours in autumn and winter, respectively, similar 358 

to those of NPF events in these seasons (1.7±0.7 hours in autumn and 2.5±1.0 hours in 359 

winter). Notably, the values of J4.7-25 were only 3.0±1.0 cm-3 s-1 and 5.5 cm-3 s-1 during 360 

the burst periods of the undefined event by NUC in autumn and winter, respectively, 361 

which were much lower than those during the burst period of NPF events in autumn 362 

(12.8±6.3 cm-3 s-1) and winter (11.1±3.9 cm-3 s-1).  363 

Since there was only one undefined event by NUC in winter (December 26), the 364 

selection criteria for the typical undefined event by NUC in autumn is basically the 365 

same as the relevant parameters during the undefined event by NUC in winter. The 366 

selection criteria include J4.7-25> 4.0 cm-3 s-1 and NNUC > 24.0×103 #cm-3, which resulted 367 

in one NPF event in autumn (November 7). As a result, only two typical undefined 368 
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events by NUC were selected for more detailed analysis in autumn and winter. 369 

The hourly concentrations of reducing gases (VOCs and NO2), H2SO4, and the 370 

intensity of UVB at 11:00-14:00 LT (burst period, 11:05-14:15 LT) on November 7 and 371 

11:00-13:00 LT (burst period, 11:35-13:25 LT) on December 26 were comparable to 372 

those during the burst period on typical NPF days in autumn and winter, respectively 373 

(Fig. 5). In addition, no obvious cloud cover was observed over Dongguan during the 374 

burst hours on November 7 and December 26 (Fig. S8), which provided an essential 375 

condition (strong intensity of UVB) for the occurrence of NPF events. These results 376 

suggested NPF events, instead of the undefined events by NUC, might have occurred 377 

on these two days. Thus, the two typical undefined events by NUC in autumn 378 

(November 7) and winter (December 26) might be the feeble NPF event to some extent. 379 

However, no evident increase in NAIT was found after the burst periods, suggesting 380 

these two undefined events by NUC might be closely related with the transport of NUC 381 

from the upward wind region where the NPF event likely occurred. This hypothesis 382 

was supported by the high SO2 mass concentration in the upwind zone (northeast of the 383 

observation site) before the burst periods (Fig. S9), where and when the NPF event 384 

probably occurred and produced a high NNUC, which was then transported to the 385 

observation site in subsequent hours.  386 

A gradually declining trend after 12:00 LT on November 7 and a sudden downward 387 

trend after 13:00 LT on December 26 in NNUC were observed (Fig. 5). Meanwhile, 388 

significant decreases in SO2 mass concentration were simultaneously observed in the 389 

upwind zone of the observation site (Fig. S9). This suggested the possible NPF event 390 

that occurred upwind of the observation site on November 7 and December 26 might 391 

have been interrupted mainly due to the significant decrease in SO2 concentration. In 392 

addition, the significant drop in intensity of UVB after 13:00 LT on December 26 might 393 
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be another factor that interrupted the possible NPF events in the upwind zone of the 394 

observation site since UVB is an important factor affecting the formation of H2SO4 395 

according to the equation (8).  396 

3.4. Causes of the undefined event by AIT 397 

In most cases, the burst period of undefined events by AIT was mainly found at 398 

12:00 - 23:00 in spring (14 events) and summer (9 events), 11:00 - 14:00 in autumn (2 399 

events), and 12:00 - 20:00 in winter (5 events) (Fig. S1 and Table S3), which was 400 

consistent with the growth period of NPF events in the corresponding season. The burst 401 

durations of undefined events by AIT were 8.7±3.8, 11.4±6.6, 1.5±0.3, and 7.2±2.2 402 

hours in spring, summer, autumn, and winter, respectively. The burst durations of 403 

undefined events by AIT were comparable to the growth durations of NPF events in all 404 

seasons except autumn.  405 

To further verify the above point, one typical undefined event by AIT with a long 406 

burst duration and a high NAIT was selected for detailed analysis in each season of spring 407 

(May 12), summer (August 4), and winter (December 21). The undefined event by AIT 408 

in autumn was excluded because the burst durations (<2h) in autumn were much shorter 409 

than those (>10h) in the other seasons. The hourly concentrations of both VOCs and 410 

H2SO4 before 10:00 LT (burst period, 10:30-20:30 LT) on May 12, before 11:00 LT 411 

(burst period, 11:30-23:55 LT) on August 4, and before 11:00 LT (burst period, 11:50-412 

22:25 LT) on December 21 were higher than those at the same hours on the NPF days 413 

of spring, summer, and winter, respectively (Fig. 6). This suggested the relatively high 414 

mass concentrations of VOCs might indeed suppress the occurrence of NPF event even 415 

under the condition of higher H2SO4 concentrations at the observation site.  416 

As expected, an obvious high SO2 mass concentration zone was found in the 417 

upwind region of the observation site before the burst period of the undefined event by 418 
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AIT (before 11:00 LT) on May 12, August 4, and December 21 (Fig. S10). In addition, 419 

no obvious cloud cover was found before 11:00 LT over Dongguan on these three days 420 

(Fig. S11). These phenomena suggested a possible NPF event might have occurred in 421 

the upwind region of the observation site on these days. High concentrations were only 422 

observed for NAIT but not NNUC, probably because the area where the NPF event 423 

occurred was relatively far away from the observation site. Although SO2 mass 424 

concentration in the upwind region of the observation site gradually declined in the 425 

subsequent hours following the undefined events by AIT (Fig. S12), the duration of 426 

such event (lasted more than 10 hours) was much longer than that (<3 hours) of 427 

undefined events by NUC. This may be related to the lower wind speed over Dongguan 428 

during the burst period of undefined events by AIT, compared to that during the burst 429 

period of undefined events by NUC (Fig. S9, S10, and S12). The lower wind speed 430 

allowed new particles to stay longer in the atmosphere during the downwind transport 431 

and grow into larger particles. In general, the undefined events by AIT were likely 432 

related to the transport of new particles formed in the upwind region of the observation 433 

site where the NPF event might have occurred.  434 

3.5. Contributions of NPF and undefined events to UFP number concentrations 435 

As discussed in sections 3.2, 3.3, and 3.4, NPF events could cause significant 436 

increases in NUFP. In addition, the undefined events by NUC and AIT were also closely 437 

related to NPF events. To quantify the contributions of NPF event, regional transport of 438 

NPF event, and primary combustion emission to NUFP, PMF analysis was conducted 439 

based on key parameters of NPF events and tracers of primary combustion sources. 440 

PMF analysis identified five major source factors for UFP, including (1) NPF and 441 

undefined events, (2) traffic emission, (3) coal combustion and biomass burning, (4) 442 

ship emission, and (5) photochemical processes. The profiles of these source factors are 443 
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shown in Fig. 7.  444 

Factor 1 (NPF and undefined events) was characterized by high concentrations of 445 

high N<10nm, N10-25nm, NAIT, H2SO4, and O3 (Fig. 7a) and accounted for 51±28%, 446 

41±26%, and 45±27% of NNUC, NAIT, and NUFP, respectively. As discussed in section 447 

3.2, significant increases in both NNUC and NAIT and the higher molecule concentration 448 

of H2SO4 and the higher mass concentration of O3 were found during the NPF and 449 

undefined days compared with those during the non-event days. Factor 2 (traffic 450 

emission) was characterized by high concentrations of NAIT, NO2, OC, EC, Cr, Mn, Cu, 451 

and Zn (Fig. 7b) (He et al., 2008; Mousavi et al., 2018) and accounted for 9±11%, 452 

39±28%, and 28±24% of NNUC, NAIT, and NUFP, respectively. Noticeably, the 453 

contribution of traffic emission was significantly higher to NAIT than NNUC. Meanwhile, 454 

the contribution of traffic emission was higher to N10-25nm than N<10nm. These results 455 

suggested that traffic emission likely emitted large particles (>10 nm). Factor 3 (coal 456 

combustion and biomass burning) was characterized by high concentrations of H2SO4, 457 

SO2, OC, EC, K, As, Se, and Pb (Fig. 7c) (Bi et al., 2019; Pernigotti et al., 2016; Zhang 458 

et al., 2015) and accounted for 22±20%, 2±3%, and 10±10% of NNUC, NAIT, and NUFP, 459 

respectively. The differences were significant between coal and fuel oil emissions of 460 

NUC and AIT, despite that they are both fossil fuels. In addition, the daily variation 461 

trends of the tracers of the traffic emission (e.g., NO2, Cr) were more similar to those 462 

of NNUC and NAIT than to that of the coal combustion (e.g., SO2, Pb), especially on non-463 

event days (Fig. S13). Thus, traffic emission might emit more NUC and AIT than coal 464 

combustion to some extent. However, significantly more NUC was linked to coal 465 

combustion than traffic emission, which may be related to the oxidation of SO2 emitted 466 

from coal combustion forming NUC during the transportation process. Factor 4 (ship 467 

emission) was characterized by high concentrations of Ni and V (Fig. 7d) (Agrawal et 468 
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al., 2009; Hays et al., 2009) and accounted for 12±15%, 8±10%, and 9±12% of NNUC, 469 

NAIT, and NUFP, respectively. Factor 5 (photochemical processes) was characterized by 470 

high concentrations of UVB, O3, and H2SO4 (Fig. 7e) and accounted for 6±11%, 471 

10±16%, and 8±14% of NNUC, NAIT, and NUFP, respectively. This result suggested a 472 

weaker degree of new particle formation might have occurred under the stronger 473 

intensive of UVB conditions. Generally, NUFP in urban Dongguan mainly depended on 474 

the NPF and undefined events and traffic emission.  475 

As shown in Fig. 8, the sum of NPF and undefined events accounted for 63±22% 476 

in spring and 60±26% in summer of NNUC, which were higher than those in autumn 477 

(40±25%) and winter (43±29%). In contrast, coal combustion and biomass burning 478 

contributed only 8-11% of NNUC in spring and summer, much lower than those in 479 

autumn (35±19%) and winter (33±21%). Although traffic emission, ship emission, and 480 

photochemical processes had the highest contributions to NNUC in winter, spring, and 481 

summer, respectively, their seasonal variations were insignificant. Regarding NAIT, the 482 

sum of NPF and undefined events contributed to 51±24% and 44±25% in spring and 483 

summer, respectively, which were higher compared to those in autumn (34±23%) and 484 

winter (35±30%). The lowest contributions of ship emission (3±5%) and photochemical 485 

processes (5±9%) to NAIT were observed in winter, compared to those in the other 486 

seasons (7-13%). Traffic emission contributed to 26±20% and 33±22% of NAIT in 487 

spring and summer, respectively, which were lower than those in autumn (43±27%) and 488 

winter (53±30%). Coal combustion and biomass burning accounted for only 1±1% of 489 

NAIT in both spring and summer, which were slightly lower than those in autumn (4±3%) 490 

and winter (3±3%). 491 

It is worth noting that although the frequencies of NPF events were significantly 492 

higher in autumn (59%) and winter (33%) than spring (11%, including rainy days) and 493 
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summer (12%, including rainy days), the contributions of NPF and undefined events to 494 

NNUC were actually higher in spring and summer than autumn and winter. Additionally, 495 

the undefined events not only significantly contributed to NAIT but also appreciably 496 

contributed to NNUC. Furthermore, the frequencies of the sum of NPF and undefined 497 

events in spring (81%), summer (79%), and autumn (78%) throughout the observation 498 

period were significantly higher than that in winter (55%). These results suggested that 499 

the contributions of NFP and undefined events to NNUC depended on not only their 500 

frequencies but also their duration and burst intensities. 501 

As discussed in Sections 3.2, 3.3, and 3.4, the average burst durations of NPF 502 

events in winter (2.3±1.0 h) were longer than those in autumn (1.7±0.7 h), spring (1.2 503 

h), and summer (1 h). Meanwhile, the average burst durations of undefined events in 504 

summer (11.4±6.6 h) and spring (8.7±3.8 h) were significantly higher than those in 505 

winter (7.2±2.2 h) and autumn (1.5±0.3 h). Additionally, the burst intensities of 506 

undefined events might also be weaker in autumn and winter than spring and summer, 507 

because this was the case for the NPF events (Fig. 4a). Consequently, the higher 508 

contributions of NPF and undefined events to NNUC in spring and summer than autumn 509 

and winter could be attributed to the higher frequencies, longer burst durations, and 510 

stronger burst intensities of NPF and undefined events in spring and summer. 511 

The contributions of NPF and undefined events to NUFP in spring (56±23%) and 512 

summer (51±26%) were higher than those in autumn (36±24%) and winter (37±29%). 513 

Ship emission contributed most in spring (15±15%) and photochemical processes 514 

contributed most in summer (11±19%) to NUFP, compared to those in the other seasons 515 

(4-12%). Traffic emission contributed more in autumn (30±23%) and winter (41±29%) 516 

than spring (18±18%) and summer (23±19%) to NUFP. The contributions of coal 517 

combustion and biomass burning to NUFP were higher in autumn (16±10%) and winter 518 
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(13±10%) than spring (4±5%) and summer (5±5%). 519 

As shown in Fig. 9, NPF and undefined events contributed significantly to NNUC, 520 

accounting for 44-63% during 9:00-21:00 LT. This was because the burst period of NPF 521 

events mostly occurred during the daytime (Table S1). It is worth noting that the 522 

contributions of NPF and undefined events remained high at 39-57%, even at night. 523 

This was due to the extended duration of undefined events or the growth period of NPF 524 

events, which could last until the next morning. Although NNUC was significantly lower 525 

at night than during the daytime, the contributions of NPF and undefined events to NNUC 526 

were still significant compared to the other sources. Likewise, photochemical processes 527 

contributed 9-19% to NNUC during 9:00-18:00 LT, but negligible at night because 528 

photochemical reactions only occur during the daytime. In contrast, coal combustion 529 

and biomass burning (24-31%), traffic emission (11-18%), and ship emission (14-18%) 530 

contributed significantly to NNUC during the nighttime (21:00-6:00 LT) or early morning 531 

(0:00-6:00 LT), likely due to the diurnal variation of boundary layer height and 532 

characteristics of these sources activities. 533 

The diurnal variations in the contributions of the five sources mentioned above to 534 

NAIT were consistent with the diurnal trends of their contributions to NNUC. The high 535 

contributions of NPF and undefined events to NAIT (42-45%) were found between 6:00-536 

18:00 LT. Similarly, the contributions of photochemical processes to NAIT (18-34%) 537 

during 9:00-18:00 LT were much higher than that at night (0%). In contrast, high 538 

contributions of traffic emission (46-57%) and ship emission (7-12%) to NAIT occurred 539 

during nighttime (21:00-6:00 LT) or early morning (0:00-6:00 LT). The contribution of 540 

coal combustion and biomass burning to NAIT during the nighttime (3-4%) was only 541 

slightly higher than that during the daytime (1-2%). 542 

As a result, high contributions of NPF and undefined events (46-51%) and 543 
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photochemical processes (1-27%) to NUFP occurred during the daytime, while those of 544 

traffic emission (34-44%), coal combustion and biomass burning (9-14%), and ship 545 

emission (7-14%) to NUFP occurred during the nighttime. In general, NUFP was 546 

determined by NPF and undefined events and photochemical processes during the 547 

daytime, while NUFP was controlled by traffic emission, coal combustion and biomass 548 

burning, and ship emission during the nighttime. 549 

4. Conclusions 550 

This study investigated the occurrence frequencies of the NPF and undefined days, 551 

explored possible formation mechanisms of NPF events and undefined events by NUC 552 

and AIT, and quantified the contributions of NPF and undefined events to NUFP in 553 

different seasons in urban Dongguan of South China. The NPF events in this city were 554 

mainly caused by low concentrations of reducing gases (especially VOCs and NO2) and 555 

high concentrations of O3 and H2SO4. The undefined events by NUC and AIT were 556 

mainly caused by regional transport of NPF from the upwind region where NPF events 557 

likely occurred. 558 

NPF and undefined events and traffic emission were the dominant sources of NUFP. 559 

Besides the NPF and undefined events, coal combustion and biomass burning was the 560 

second largest contributor to NNUC, while traffic emission was the second largest 561 

contributor to NAIT. Considering that the undefined event by NUC and AIT were both 562 

related to NPF events in the upwind region, further controlling coal combustion and 563 

traffic emission would be an effective way to alleviate the effects of UFP on haze 564 

formation and human health in the PRD region. Future studies in this region should 565 

measure H2SO4 and OH radicals, especially in the industrial zone where large amounts 566 

of SO2 are emitted, to confirm the potential formation mechanisms of NPF and 567 

undefined events revealed in the present study.  568 
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Highlights: 

⚫ High frequencies of NPF and undefined days were found in autumn. 

⚫ The NPF event was accompanied with low concentrations of reducing gases. 

⚫ The undefined event was mainly caused by upwind regional transport of NPF. 

⚫ NPF event and traffic emission were the dominant sources of UFP. 
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Table 1 Summary of the sAITling information 

Date SAITle type Instruments SAITle duration 

23 April–19 

May 2019 

(spring) 

 

28 July–21 

August 2019 

(summer) 

 

18 October–13 

November 

2019 (autumn) 

 

4–30 

December 

2019 (winter) 

Particle number size distribution 

(4.7-63.8 nm) 

SMPS, TSI 3938 (DMA, TSI 

3085 and CPC, TSI 3776) 
5min 

Particle number size distribution 

(14.9-673.2 nm) 

SMPS, TSI 3938 (DMA, TSI 

3081 and CPC, TSI 3775) 
5min 

SO2 Thermo 43i 1h 

O3 Thermo 49i 1h 

VOCs 
airmoSCANXPERT, 

Chromatotec 
1h 

NO2 Thermo 42i 1h 

UVB/SR CAITbell CR 1000 1h 

RH/T/Rain 
Vaisala Company, model 

MAWS201 
1h 

OC/EC SUNSET Model 4 1h 

Elements 
Cooper Environmental 

Services, Model Xact® 625i 
1h 

 HONO MAGAR ADI2080 1h 

The data is missing on August 10. 
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Table 2 Summary of number concentrations and geometric mean diameters (GMDs) in the different size modes 

Period Size mode 

Annual Spring Summer Autumn Winter 

N 
Number 

(103 cm-3) 

GMD 

(nm) 
N 

Number 

(103 cm-3) 

GMD 

(nm) 
N 

Number 

(103 cm-3) 

GMD 

(nm) 
N 

Number  

(103 cm-3) 

GMD 

(nm) 
N 

Number 

(103 cm-3) 

GMD 

(nm) 

NPF 

Undefined 

Non-NPF 

UFP 

4.7-100nm 

82 

14.1±
11.2 

42±21 

17 

13.3±5.3 43±19 

11 

14.1±6.5 
56±
18 

27 

14.2±14.0 40±23 

27 

14.6±11.1 39±20 

NUC 

4.7-25nm 

6.1±9.3 

43±19% 
 

4.9±2.9 

37±16% 
 

3.8±3.6 

27±13% 
 

6.8±11.3 

48±20% 
 

6.7±9.8 

46±20% 
 

AIT 

25-100nm 

8.0±4.5 

57±19% 
 

8.4±4.1 

63±16% 
 

10.3±4.2 

73±13% 
 

7.4±5.1 

52±20% 
 

7.9±4.0 

54±20% 
 

NPF 

UFP 

4.7-100nm 

27 

18.0±
16.0 

37±22 

1 

14.5±
11.2 

25±7 

1 

21.2±13.6 
37±
20 

16 

17.9±17.4 40±23 

9 

20.6±16.5 33±19 

NUC 

4.7-25nm 

9.2±13.5 

51±22% 
 

7.4±6.1 

51±11% 

 8.1±8.3 

38±13% 

 9.0±14.3 

50±22% 
 

11.6±15.2 

56±24% 

 

AIT 

25-100nm 

8.8±5.9 

49±22% 
 

7.1±6.1 

49±11% 

 13.2±7.4 

62±13% 

 8.9±6.2 

50±22% 
 

9.0±5.6 

44±24% 

 

Undefined 

UFP 

4.7-100nm 

4a) 

30b) 

12.6±5.3 49±21 

14b) 

13.4±4.9 44±19 

9b) 

13.6±4.9 
57±
17 

3a) 

2b) 

 

10.4±5.6 39±23 

1a) 

5b) 

13.5±5.8 39±20 

NUC 

4.7-25nm 

4.5±4.0 

36±17% 
 

4.8±2.6 

35±16% 
 

3.4±2.5 

25±12% 

 4.7±5.3 

45±18% 
 

5.1±3.8 

38±18% 
 

AIT 

25-100nm 

8.1±3.6 

64±17% 
 

8.6±4.0 

65±16% 
 

10.2±3.7 

75±12% 

 5.7±2.2 

55±18% 
 

8.4±3.8 

62±18% 
 

Non-NPF 

UFP 

4.7-100nm 

21 

10.0±2.8 44±20 

2 

11.9±2.6 43±16 

1 

11.5±2.7 
53±
17 

6 

8.4±2.1 43±22 

12 

10.4±2.8 44±19 

NUC 

4.7-25nm 

3.5±1.8 

35±13% 
 

4.8±1.8 

40±14% 
 

3.7±2.1 

32±10% 

 2.8±1.2 

34±11% 
 

3.6±2.0 

34±14% 
 

AIT 

25-100nm 

6.5±2.0 

65±13% 
 

7.1±2.1 

60±14% 
 

7.8±1.3 

68±10% 

 5.6±1.7 

66±11% 
 

6.8±1.9 

66±14% 
 

Rain 

UFP 

4.7-100nm 

23 

13.6±6.6 40±18 

10 

14.1±6.5 34±15 

13 

12.9±6.8 
40±
16 

0 

  

0 

  

NUC 

4.7-25nm 

5.5±4.2 

41±15% 
 

6.2±3.7 

44±14% 
 

5.1±4.3 

40±15% 
     

AIT 

25-100nm 

8.1±4.2 

59±15% 
 

7.9±4.7 

56±14% 
 

7.8±4.1 

60±15% 
     

Note: a) undefined event by NUC; b) undefined event by AIT.  
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List of Figures 

Fig. 1. Burst and growth periods in NPF events in four seasons (a). Burst periods in 

undefined events in four seasons (b). Frequencies of NPF events and non-events in four 

seasons (c). Frequencies of undefined-NUC and undefined-AIT events in four seasons 

(d). 

Fig. 2. Diurnal variations of H2SO4, O3, HONO, UVB, VOCs and NO2 on May 1 (a), 

August 20 (b) and November 1 (c) in 2019, and their mean concentrations on non-event 

days in spring, summer and autumn (bars). 

Fig. 3. Diurnal variations of key parameters in NPF, undefined and non-event periods 

in four seasons. 

Fig. 4. Linear relationship between the hourly molecule concentration of H2SO4 and 

J4.7-25 during the burst period of typical NPF events (a) and the hourly mass 

concentration of O3 and J4.7-25 during the burst period of typical NPF events except on 

November 1, December 4 and 7 (b). The linear relationship between the hourly mass 

concentration of VOCs and J4.7-25 during the burst period of typical NPF events (c). 

Fig. 5 Diurnal variations of H2SO4, HONO, O3, VOCs, NO2, UVB and SR on 

November 7 and December 26 in 2019, their mean concentrations on non-event days 

(dotted line) and typical NPF days (bars) in autumn and winter. 

Fig. 6. Diurnal variations of H2SO4, HONO, O3, VOCs, NO2, UVB and SR on May 12, 

August 4 and December 21 in 2019, their mean concentrations on non-event days 

(dotted line) and typical NPF days (bars) in spring, summer and winter. 

Fig. 7. Five source factors (bars) resolved from the PMF model and percentage 

contribution (grey dots) from each source factor. 

Fig. 8. Seasonal variations of the contributions of five sources to N<10nm, N10-25nm, NNUC, 

NAIT and NUFP. 

Fig. 9. Diurnal variations of the contributions of five sources to N<10nm, N10-25nm, NNUC, 

NAIT and NUFP. 
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