High contribution of new particle formation to ultrafine particles

in four seasons in an urban atmosphere in south China

Li Tao?!, Zhen Zhou?, Jun Tao*®", Leiming Zhang®, Cheng Wu*, Jiawei Li®, Dingli Yue®, Zhijun
Wu’, Zhisheng Zhang?, Ziyang Yuan?®, Junjun Huang', Boguang Wang?

Ynstitute for Environmental and Climate Research, Jinan University, Guangzhou, China
2Dongguan Sub-branch of Guangdong Ecological and Environmental Monitoring Center,
Dongguan, China

3Air Quality Research Division, Science and Technology Branch, Environment and Climate Change
Canada, Toronto, Canada

4Institute of Mass Spectrometer and Atmospheric Environment, Jinan University, Guangzhou,
China

SRCE-TEA, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing, China
6Guangdong Ecological and Environmental Monitoring Center, Guangzhou, China

State Key Joint Laboratory of Environmental Simulation and Pollution Control, College of
Environmental Sciences and Engineering, Peking University, Beijing, China

8South China Institute of Environmental Sciences, Ministry of Ecology and Environment,
Guangzhou, China

9Sailbri Cooper Inc., Tigard, Oregon, United States

*Correspondence author: (Jun Tao) taojun@jnu.edu.cn


mailto:taojun@jnu.edu.cn

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Abstract. Ultra fine particles (UFP) cover the size range of both nucleation mode particles
(NUC, Dp<25 nm) and Aitken mode particles (AIT, 25 nm < D, <100 nm), and play
important roles in radiative forcing and human health. In this study, we identified new
particle formation (NPF) events and undefined events, explored their potential formation
mechanism, and quantified their contributions to UFP number concentration (Nugp) in urban
Dongguan of the Pearl River Delta (PRD) region. Field campaigns were carried out in four
seasons in 2019 to measure particle number concentration in the size range of 4.7-673.2nm,
volatile organic compounds (VOCs), gaseous pollutants, chemical compositions in PM; s,
and meteorological parameters. The frequency of the occurrence of NPF, as indicated by a
significant increase in NUC number concentration (Nnuc), was 26%, and that of the
undefined event, as indicated by substantial increases in Nxuc or AIT number concentration
(Narr), was 32% during the whole campaign period. The NPF events mainly occurred in
autumn (with a frequency of 59%) and winter (33%) and only occasionally in spring (4%)
and summer (4%). On the contrary, the frequencies of the undefined events were higher in
spring (52%) and summer (38%) than in autumn (19%) and winter (22%). The burst periods
of the NPF events mainly occurred before 11:00 Local Time (LT), while those of the
undefined events mainly occurred after 11:00 LT. Accompanied to NPF events were low
concentrations of VOCs and high concentrations of O3. The undefined events by NUC or
AIT were associated with the upwind transport of newly formed particles. Source
apportionment analysis suggested that NPF and undefined events were the largest
contributor to Nnuc (51+28%), Narr (41+£26%), and Nurp (45+£27%), while coal combustion
and biomass burning, and traffic emission were the second largest contributor to Nnuc

(224+20%) and Narr (39+28%), respectively.

Keywords: nucleation mode particle; Aitken mode particle; upwind transport; traffic

emission; coal combustion; biomass burning
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1. Introduction

Ultrafine particles (UFP, with an electrical mobility diameter (Dp) smaller than 100
nm) accounted for 80%-90% of total particle number concentration in urban
environments (Mejia et al., 2008; Salma et al., 2011). UFP is an essential source of
droplet mode particles and cloud condensation nuclei, and plays key role in haze
formation, cloud formation, and radiative forcing (Guo et al., 2014; Junkermann and
Hacker, 2018; Kulmala et al., 2021, 2022; Mishra et al., 2023; Peng et al., 2021). UPF
also has a marked impact on human health via deep penetration into the lungs and blood
systems (Schraufnagel, 2020). Traffic emission is an important source of UFP, which
could contribute about 44%-71% of UFP number concentration (Nurp) in urban and
roadside environments (Brines et al., 2015; Rivas et al., 2020; Sowlat et al., 2016).
Another important source of UFP is through new particle formation (NPF) processes.

UFP covers the particle size range of both nucleation mode particles (NUC,
Dp<25 nm) and Aitken mode particles (AIT, 25 nm < D, <100 nm). Available literature
reported NUC number concentration (Nnuc) and AIT number concentration (Narr)
account for about 18-32% and 68-82%, respectively, of Nurp (Kanawade et al., 2014;
Németh et al., 2018; Zhang et al., 2017). However, a number fraction as high as 40%
of Nnuc in Nurp was also reported on days with NPF events (Yadav et al., 2021). On
days with undefined events, which were caused mainly by regional transport or the
aging process of newly formed particles (Buenrostro Mazon et al., 2009), Nnuc and
Narr equally contributed to Nurp (Varanda Rizzo et al., 2018).

High frequencies of NPF events have been reported in China, e.g., in the PRD
region (23%), the Yangtze River Delta region (YRD) (27%), and the North China Plain
(NCP) (34%) (Zhang et al., 2021), which have drawn increasing attention of UFP on

the environmental, climate and health impacts (Kulmala et al., 2021; Kulmala et al.,
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2022; Lin et al., 2021; Tang et al., 2021). The NPF events, besides traffic emission (Liu
et al., 2014; Wang et al., 2013b; Wu et al., 2021; Zhang et al., 2022), are responsible
for the higher number fractions of Nnuc and Nair in Nurp in these regions (Huang et al.,
2022; Shang et al., 2023; Zhao et al., 2021). To date, few studies have systematically
explored the formation mechanisms of the NPF and undefined events or quantified their
contributions to Nyrp in the PRD region (Gong et al., 2010; Liang et al., 2021; Liu et
al., 2008; Tan et al., 2016; Yue et al., 2013).

To fill these knowledge gaps, an integrated campaign was conducted in four
seasons in 2019 in urban Dongguan, one of the cities in the PRD region with the highest
number concentrations of fine particles (Huang et al., 2017; Tan et al., 2016). The
particle number size distributions (4.7-637 nm), volatile organic compounds (VOCs),
gaseous pollutants (SO2, HONO, O3, NO2), dominant chemical compositions (OC, EC
and elements) in PM2 s, and meteorological parameters were measured synchronously.
The occurrence frequencies and formation mechanisms of the NPF and undefined
events and the sources of Nurp, Nnuc, and Narr were analyzed. Knowledge generated
from this study will be helpful for formulating effective reduction strategies for fine
particles in this region.

2. Methodology

2.1. Sampling descriptions

The sampling site was located inside a supersite of the Dongguan Sub-branch of
Guangdong Ecological and Environmental Monitoring Center (113°4724"E ,
23°01'16"N) in urban Dongguan. All the online instruments, including a scanning
mobility particle sizers (SMPS, TSI model 3938), an online gas chromatography-flame
ionization detector-mass spectrometer (GC-MS), a Monitor for AeRosols and Gases in

Ambient Air (MARGA), an atmospheric routine monitoring system (Thermo Scientific,
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421, 431, and 49i), a carbon analyzer (SUNSET, Model 4), and an online X-ray
fluorescence spectrometer, were installed in temperature-controlled rooms (about 25°C)
on the roof of a building 10 m above ground. Meteorological parameters, including
wind direction and speed, relative humidity (RH), temperature (Temp), solar radiation
(SR), Ultraviolet B radiation (UVB), and precipitation, were measured by the automatic
meteorological station (Vaisala Company, model MAWS201 and Campbell CR 1000),
which was installed on the roof of the same building. The sampling information is
summarized in Table 1.
2.2. Particle number size distributions

Particle number concentration for particles with mobility diameter (Dp, similar to
D) in the range of 4.7-63.8 nm was measured using an SMPS (TSI model 3938)
combined with a differential mobility analyzer (DMA, TSI model 3085) and a
condensation particle counter (CPC, TSI model 3776) at a 5-min resolution. The flow
rate of the sample air and the sheath air were 1.5 and 15.0 L min™!, respectively. Particle
number concentration for particles in the range of 14.9-673.2 nm in mobility diameter
(Dp) was measured using an SMPS (TSI model 3938) combined with a DMA (TSI
model 3081) and a CPC (TSI model 3775) at a 5-min resolution. The flow rate of the
sample air and the sheath air were 0.3 and 3.0 L min!, respectively. To exclude the
impact of particle hygroscopic growth on the measured size distribution, ambient air
was forced to pass through three total suspended particulate (TSP) cyclones, stainless
steel tubes, and silica gel driers before being sampled by the SMPS. RH within the
system was kept below 30%. The size-dependent diffusion losses in connecting tubes
were calculated according to the method described by Yue et al. (2016). The SMPS

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

An online GC-MS (airmoSCANXPERT, Chromatotec) was applied to monitor 53
VOCs species at a 1-hour resolution, including alkanes, alkenes, alkynes and aromatics.
The 53 monitored VOCs were calibrated weekly using a mixed calibration gas (SCOTT,
USA), and the instrument accuracy was controlled within 10%. More detailed
information can refer to de Blas et al. (2011). A total of 15 VOCs species, including
ethylene, acetylene, ethane, propane, isobutane, n-butane, isopentane, n-pentane,
benzene, toluene, n-octane, ethylbenzene, m-xylene, p-xylene, and o-xylene, were
selected in the present study, which accounted for about 90% of the total VOCs
concentration. Gaseous pollutants, including SOz, O3, and NO, were measured by an
atmospheric routine monitoring system (Thermo Scientific, 421, 491, and 421). HONO
was measured by a MARGA (ADI 2080). More detailed information can refer to
Rumsey et al. (2014).

A model RT-4 Sunset semi-continuous carbon analyzer with a PM2 s cutoff inlet
(Sunset Laboratory Inc, OR, USA) was utilized to measure OC and EC with a time
resolution of 1-hour. More detailed information can refer to Bauer et al. (2009). Ten
elements (K, V, Cr, Mn, Ni, Cu, Zn, As, Se, and Pb) plus Pd (for quality assurance) were
semi-continuously measured by an online X-ray fluorescence spectrometer (Cooper
Environmental Services, Model Xact 6251) with a PM2 s impactor inlet at 1-h resolution.
More detailed information can refer to Furger et al. (2017).

2.4. Data analysis
2.4.1 Identification of NPF and undefined events
We used the method described by Dal Maso et al. (2005) to identify the occurrence

of NPF and undefined events. In this method, synchronous increases in both Nnuc and



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

Nair are considered to be caused by NPF events, while an increase in either Nnuc or
Narr, but not both, is considered an undefined event, as detailed below. The criteria for
identifying an NPF event are: (1) at least a three-fold increase in N<jonm (number
concentration of particles with Dy < 10 nm) for at least 1 hour (the cutoff size of 10 nm
rather than 25 nm (Nio-250m) Was used to ensure that NPF event was originated from
local formation process rather than from regional transport), and (2) a synchronously at
least one-fold increase in Nait. The criteria for identifying the undefined event by NUC
based on Nnuc increase are: (1) at least a two-fold increase in N<ionm, and (2) less than
a 15% increase in Nart. The criteria for identifying an undefined event by AIT based
on Narr increase are: (1) at least a 1.5-fold increase in Najt, and (2) less than a 10%
increase in N<jonm. In any of the NPF or undefined events, no precipitation is allowed
to occur to objectively compare the intensity of NPF or undefined events in different
seasons. Any day not meeting the criteria of an NPF day, an undefined day by Nnuc
increase, or an undefined day by Narr increase described above was defined as a non-
event day.
2.4.2 Estimation of formation rate and H2SO4 molecule concentration

The formation rate (Jap) describing the nucleation strength of NPF can be
calculated by equation (1) (Kulmala et al., 2012):

_dNg, GRgp .
]dp = T + Coangp X Ndp + W X Ndp ( )

Where Ngp 1s the particle number concentration in the size range [dp, dp+A dp],
CoagSqp 1s the particle loss rate by coagulation with other particles, and GRgp is the
growth rate of newly formed particles. Here d;, is chosen as 4.7 nm and Ad, as 20.3 nm,
corresponding to the size range of 4.7-25 nm. CoagSq, is calculated by equation (2)

(Lehtinen et al., 2007) and GRgp by equation (3) (Kulmala et al., 2012) below:
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dp
CoagSg, = CS X (m)m (2)

AGMD
Gde = At

(3)

In literature, the index m ranged from —1.75 to —1.5 (Kulmala et al., 2012) and
—1.6 was used in the present study. The condensation sink (CS), defined as the rate at
which condensable vapors condense on pre-existing particles, was calculated by
equation (4) below (Lehtinen et al., 2003; Salma et al., 2011). AGMD is a variation of

the geometric mean diameter (GMD) in the nucleation mode (4.7-25 nm).
CS = 21D ) fn(dy )il 4)
i

Where D is the diffusion coefficient of the condensing vapor and Pm is the
transition correction factor for mass flux. The variables dp; and Nj are the diameter and
the number concentration, respectively, of particles in size bin i. D and Bm were
calculated by equations (5) and (6) below:

D =5.0032x 107+ 1.04 X 1078T + 1.64 x 107 11T? — 1.566 x 10714T3 (5)

1+K,
Bm = 4 4 (6)

_ _— K2
1+ (32+0377) Ky +5-K3

D is the diffusion coefficient (m? s™!) and T is the Kelvin temperature. T was
chosen as 300.7 K in spring, 304.5 K in summer, 298.0 K in autumn, and 292.1 K in
winter in the present study. o = 1 was used in the present study (Jayaratne et al., 2017).

Knudsen number (K,) was calculated by equation (7):
K, =2 )

A =108 nm was used in the present study (Kulmala et al., 2012).
In addition, the molecule concentration of H>SO4 can be estimated by equation (8),

according to the method recommended by Lu et al. (2019):
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[H,S0,] = 280.05 x UVB®* x [SO,]%*° (8)
Here, the unit for [H2SO4] and [SO:] is in molecule cm >, and the unit for UVB is

in Wm™2

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

factorization (PMF) model

The surface wind was simulated by the WRF model (version 4.1.5) during the
typical NPF events, undefined events by NUC, and undefined events by AIT. Three
nested domains with horizontal resolutions of 25 km, 5 km, and 1 km, respectively,
were applied, with the innermost domain covering the whole city of Dongguan. More
detailed information can refer to Tao et al. (2022).

Positive matrix factorization (PMF) model version 5.0 was used to quantify the
contributions of dominant potential sources to UFP in the present study. To reduce the
uncertainties of PMF results, Nurp (Nnuc and Narr), Water Soluble Inorganic lons
(WSIIs), and elements with hourly concentrations below Method Detection Limits
(MDLs) were removed. In addition, 21 variables, including 3-hour average Nurp,
N<10nm, N10-25nm, Narr, estimated H>SO4, O3, UVB, and chemical tracers (SO2, NO2, OC,
EC, K, V, Cr, Mn, Ni, Cu, Zn, As, Se, and Pb) for primary combustion sources, were
used as input for the PMF model. In this study, we have tested five, six, seven, and eight
different sources in the PMF analysis. PMF was then run more than one hundred times
with different Fpeak values (£0.5 and +1.0) to confirm the stabilities of the selected
results. PMF results suggest a seven-factor model (Fpeak = -0.5) provided the most

physically reasonable source profiles.
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3. Results and Discussion

3.1. Frequencies of the NPF and undefined days, and general characteristics of
particle number concentrations

Using the criteria described in section 2.4.1, we identified 27 days having NPF
events and 34 days having undefined events during the whole campaign period of a
total of 105 days (Fig.1). On annual average, the frequency of NPF days was 26% in
urban Dongguan, which was similar to those reported for other cities in the PRD (23%),
YRD (27%), and NCP (34%) region (Chu et al., 2019; Dai et al., 2017; Deng et al.,
2020; Qi et al., 2015; Wang et al., 2013c; Xiao et al., 2015; Zhang et al., 2021).
Furthermore, it is worth noting that the frequencies of NPF days observed in China are
similar to those observed in certain cities in India, such as in Kanpur, Hyderabad, and
Pune with an average frequency of 32% (Kanawade et al., 2014; Sebastian et al., 2021;
Siingh et al., 2013; 2018). Most NPF days occurred in autumn (with a frequency of
59%) and winter (33%) and only occasionally occurred in spring (4%) and summer
(4%). However, if including the four NPF events occurred on rainy days in the spring
and summer, the frequency of NPF days in spring and summer would be just above
10%, while the annual frequency of NPF days would also increase to 30%.

On annual average, the frequency of undefined days was 32% (34 days out of 105
days), of which 4% (4 days) was from undefined days by NUC and 28% (30 days) from
undefined days by AIT. The undefined days by NUC only appeared in autumn (75%)
and winter (25%), and no event in the other seasons, while the frequencies of undefined
days by AIT mainly occurred in spring (47%), followed by summer (30%) and winter
(17%), and least in autumn (6%) (Table 2). In addition, 5 and 7 undefined events by
AIT were also observed on rainy days in spring and summer, respectively. If including

these rainy-day events, the annual frequency of the undefined days would reach 44%,

10
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which was much higher than those reported for other cities in the YRD region (4%)
(Ling et al., 2019) and the NCP region (5-30%) (Cai et al., 2021; Deng et al., 2020;
Wang et al., 2013a).

Annual average Nurp were (18.0£16.0) x10° cm?, (12.6£5.3) x10° cm™, and
(10.0£2.8) x10* cm?, respectively, during the NPF, undefined, and non-event days
(Table 2). The ratios of Nnuc to Nair were 1.0£2.0, 0.6+0.8, and 0.5+0.4, respectively,
during the NPF, undefined, and non-event days. The average seasonal ratio of Nnuc to
Narr did not vary much on non-event days, with a balance of 0.5-0.7 in four seasons.
In contrast, the ratios in summer during the NPF (0.640.5) and undefined days (0.3+0.3)
were evidently lower than those in the other seasons (1.0-1.3 on NPF days and 0.6-0.8
on undefined days).

During the burst periods of NPF events, Nnuc was much higher than Nar, as
indicated by the much higher than 1.0 ratio of Nnuc to Nair in all the seasons (2.0, 2.5,
6.1+2.9, and 6.6+2.3 in spring, summer, autumn, and winter, respectively). During the
growth periods of NPF event, Nnuc decreased while Nair increased, resulting in the
decreasing ratio of Nnuc to Narr; however, Nnuc was still slightly higher than Narr most
of the time, as indicated by the ratio of 1.1+0.6. Thus, Nurp was mainly determined by
Nnuc during the burst period and by both Nnuc and Narr during the growth period of
NPF events.

On the undefined days and non-event days, Nair was much higher than Nnuc in
all four seasons. Although Nnuc and Narr during the undefined days were higher than
those during non-event days, the ratio of Nnuc to Nair was similar (0.6+0.8 on
undefined days and 0.5+0.4 on non-event days). In addition, the ratio of Nnuc to Narr
was 0.5%0.3 during the undefined events by AIT, which was similar to those during the

undefined events and non-event days. These results suggested Nurp was mainly

11
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determined by Nair during the undefined events and non-event days in four seasons. In
contrast, the ratio of Nnuc to Nair was 4.6+2.8 during the undefined events by NUC,
which was evidently higher than during the non-event days.
3.2. Formation mechanisms of NPF events

The burst periods of NPF event mainly occurred during 10:40 — 11:15 & 11:40 -
12:15 LT in spring (1 event), 10:15 - 11:15 LT in summer (1 event), 9:20 - 11:00 LT in
autumn (16 events), and 10:00 - 12:30 LT in winter (9 events) (Fig. S1 and Table S1).
These hours generally had high concentrations of OH radical in suburban Guangzhou
of the PRD region (Lu et al., 2012). The burst durations of NPF events were 1.2, 1.0,
1.7£0.7, and 2.5£1.0 hours in spring, summer, autumn, and winter, respectively. The
growth periods following the burst period of NPF events mainly occurred at 12:20 -
17:10 LT in spring, 11:20 - 17:50 LT in summer, 11:05 - 23:55 LT in autumn, and 12:35
-23:55 LT in winter (Table S1). On seasonal average, the growth durations of NPF were
5.1,6.5,7.0+4.2, and 7.5+3.1 hours in spring, summer, autumn, and winter, respectively.

NPF events were mainly related to episodes of H2SO4, base molecules (ammonia
and amines), and oxidized organic molecules in urban environments in China (Cai et
al., 2021; Liet al., 2022; Yan et al., 2021; Yao et al., 2018). Here we used the estimated
molecule concentration of H2SOs, the measured mass concentration of atmospheric
oxidants (e.g., HONO and Os, representing OH radical) and reducing gases (e.g., VOCs,
NO), and measured meteorological factors (e.g., SR, UVB) to explore the possible
formation mechanisms of typical NPF events in four seasons (Table S2). Generally, the
NPF event is always accompanied by the rapid formation of HoSO4 via the reaction
between SO> and OH radicals (Lu et al., 2018; Yue et al., 2010). The source of OH
radical mainly originated from the photolysis of HONO and Os; in the PRD region

(Hofzumahaus et al., 2009; Lu et al., 2012; Tan et al., 2019). On the contrary, the sink
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of OH radical was related to photochemical reactions between reducing gases (e.g.,
VOCs, NO,, CO, and SO») and OH radical (Lu et al., 2018; Seinfeld and Pandis., 2016).
The gaseous pollutants (VOCs and NOz) would compete with SO» for OH radical,
according to the rate constants of the reactions of OH radical with these reducing gases
(Seinfeld and Pandis., 2016).

Typical NPF events were selected for the more detailed analysis below using the
following selection criteria: burst duration > 1h, growth duration > 6.5h, and Nnuc >
35.0x10%cm™. Eight NPF events met the criteria, of which four were in autumn
(October 29-31 and November 1), and four were in winter (December 4, 7, 8, and 27).
In addition, the only NPF event in spring (May 1) and the only one in summer (August
20) were also selected for a more detailed analysis despite the fact that these two events
did not meet the criteria.

Lower VOCs and NO: concentrations were observed during NPF burst periods,
compared to those during the same hours on non-event days, on most NPF events
regardless of the season, for example, at 10:00-11:00 LT (burst period, 10:40-11:15 LT
and 11:40-12:15 LT) on May 1, 10:00 LT (burst period, 10:15-11:15 LT) on August 20,
9:00-10:00 LT (burst period, 9:20-11:05 LT) on October 29-31, and 9:00-14:00 LT on
December 4 (burst period, 10:20-14:40 LT), December 7 (burst period, 10:50-14:40 LT),
December 8 (burst period, 9:35-11:35 LT), and December 27 (burst period, 8:55-11:25
LT) (Fig.2, Fig. S2 and Fig. S3). The only two exceptions are NPF events on October
31 and November 1. On October 31, the hourly concentrations of NO> at 9:00-10:00
LT (burst period, 9:45-11:05 LT) were comparable, but those of VOCs were still
evidently lower than those at the same hours on the non-event days in autumn (Fig. S2).
On November 1, the hourly concentrations of reducing gases (VOCs and NO>) at 9:00-

10:00 LT (burst period, 9:20-10:55 LT) were comparable to those at the same hours on
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the non-event days in autumn (Fig. 2, 3), but the hourly concentrations of H>SO4 (>
10.0x10° molecule cm™) during the burst period of this NPF event were 1.3 -1.5 times
higher than those during the typical NPF events on October 29-31. These phenomena
suggested that low concentrations of reducing gases (VOCs and, to a less extent, NO»
on some days) and/or higher concentrations of H>SO4 were conducive to the occurrence
of NPF events.

In addition, the higher hourly concentrations of O3 (67 ug m™) but lower hourly
concentrations of HONO (2 pg m™) at 9:00 - 10:00 LT on the NPF days than that of O3
(37 pg m) and HONO (8 pg m™~) on the non-event days (Fig. 2, 3 and Fig. S2 and S3)
suggest that the OH radical that drove the NPF events likely originated from the
photolysis of O3 rather than HONO in this urban environment (Hofzumahaus et al.,
2009; Lu et al., 2012). In summary, the occurrences of NPF events in urban Dongguan
were likely accompanied by low concentrations of reducing gases (especially VOCs
and NO) and high concentrations of H2SO4 and Os.

Noticeably, the intensities (represented by J4.7.25) of the typical NPF events varied
with season, with average J4.7.25 values during the burst periods of NPF events being
much higher in summer (20.6 cm™ s™') and autumn (21.5 cm™ s7!) than in spring (10.3
cm™ s7') and winter (12.8 cm? s!). To further investigate the impacts of VOCs, HONO,
O3, and H>SO4 on the intensity of NPF events, the relationships between the mass
concentrations of these gaseous pollutants and J.7.25 were discussed using the above
ten typical NPF events. If excluding the three outliers on November 1, December 4, and
December 7 (with the hourly concentration of H2SO4 > 8.9x10° molecule cm™) (Fig. 4a
and b), a moderate positive correlation (R?=0.65, p<0.05) was obtained between the
hourly molecule concentration of H2SO4 and Jy7.25 with a slope of 3.9x10°, and a

moderate positive correlation (R?=0.45, p<0.05) was obtained between the hourly mass
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concentration of O3 and Jy.7.25. However, a poor correlation (R?=0.01) was obtained
between the hourly mass concentration of HONO and Jy7-25 (Fig. S4). These results
suggested the high value of Js725 was likely determined by the higher mass
concentration of H>SO4 and O3 in most cases of typical NPF events.

For the three exceptional days (November 1, December 4, and December 7) (Fig.
4a), a poor positive correlation (R>=0.25, p>0.05) between the hourly molecule
concentration of HoSO4 and J4 725 was found with a much lower regression slope of
0.8x10° than for the other typical NPF events discussed above. However, a moderate
negative correlation (R?=0.33, p>0.05, with the data on August 20 and November 1
being excluded) was found between the hourly concentration of J..7.25s and VOCs (Fig.
4c). These results suggested the higher mass concentration of VOCs might suppress the
intensity of NPF events, although the higher mass concentration of H2SO4 could trigger
NPF events. In addition, a negative correlation between the mass concentration of O3
and J4.7.25 was found on these days (Fig. S5), likely due to the fact that the higher mass
concentration of VOCs, while suppressing the intensity of NPF event, promoted the
increase of O3 mass concentration (Song et al., 2022). We thus conclude that the
intensity of NPF events might be related to the higher mass concentrations of H2SO4
and O3 and the lower mass concentration of VOCs in urban Dongguan.

Noticeably, only slight increases (31%+30%) in the number concentration of
particles ranging from 100 to 600 nm were observed at the end of ten typical NPF events.
Furthermore, the mass concentration of PM> 5 and the dominant chemical compositions
also exhibited slight increases (29%+25%) at the end of these events (Fig. S6). These
increases were significantly lower than the levels (>100%) observed at the end of NPF
events in the NCP region (Guo et al., 2014; Peng et al., 2021). These findings suggested

that the NPF event in the PRD region resulted in a significant increase in Nupr, but not
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in the number and mass concentration of larger particles. This result could be attributed
to the comparatively weaker intensity of NPF events and more favorable atmospheric
diffusion conditions in this region, as compared to those in the NCP region (Guo et al.,
2014; Kulmala et al., 2021; Peng et al., 2021). In addition, the CS/GR ratio in Dongguan
ranges from 30 to 100 (Fig. S7), which is significantly lower than the range (>100)
reported by Chu et al. (2019), but is roughly consistent with the range (<100)
documented in Zhang et al. (2021) for urban areas in eastern China. Overall, the CS/GR
ratio in Dongguan was comparable to those in the PRD and YRD regions, but lower
than those in the NCP region (Chu et al., 2019; Zhang et al., 2021).

3.3. Causes of the undefined event by NUC

Undefined events by NUC were only observed in autumn (October 18, 21, and
November 7) and winter (December 26). The burst periods of the undefined event by
NUC were after 11:00 LT in autumn and winter (Fig. S1 and Table S3), which lagged
the burst period of NPF events by around 1 hour. The burst durations of the undefined
events by NUC were 2.1+0.9 and 1.8 hours in autumn and winter, respectively, similar
to those of NPF events in these seasons (1.740.7 hours in autumn and 2.5+1.0 hours in
winter). Notably, the values of Jy.7.2s were only 3.0+1.0 cm™ s™! and 5.5 cm™ s! during
the burst periods of the undefined event by NUC in autumn and winter, respectively,
which were much lower than those during the burst period of NPF events in autumn
(12.8£6.3 cm s7') and winter (11.1£3.9 cm™ s7).

Since there was only one undefined event by NUC in winter (December 26), the
selection criteria for the typical undefined event by NUC in autumn is basically the
same as the relevant parameters during the undefined event by NUC in winter. The
selection criteria include J4 7.25> 4.0 cm™ s”! and Nnuc > 24.0%103 #cm™, which resulted

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

The hourly concentrations of reducing gases (VOCs and NOy), H>SO4, and the
intensity of UVB at 11:00-14:00 LT (burst period, 11:05-14:15 LT) on November 7 and
11:00-13:00 LT (burst period, 11:35-13:25 LT) on December 26 were comparable to
those during the burst period on typical NPF days in autumn and winter, respectively
(Fig. 5). In addition, no obvious cloud cover was observed over Dongguan during the
burst hours on November 7 and December 26 (Fig. S8), which provided an essential
condition (strong intensity of UVB) for the occurrence of NPF events. These results
suggested NPF events, instead of the undefined events by NUC, might have occurred
on these two days. Thus, the two typical undefined events by NUC in autumn
(November 7) and winter (December 26) might be the feeble NPF event to some extent.
However, no evident increase in Nair was found after the burst periods, suggesting
these two undefined events by NUC might be closely related with the transport of NUC
from the upward wind region where the NPF event likely occurred. This hypothesis
was supported by the high SO, mass concentration in the upwind zone (northeast of the
observation site) before the burst periods (Fig. S9), where and when the NPF event
probably occurred and produced a high Nnuc, which was then transported to the
observation site in subsequent hours.

A gradually declining trend after 12:00 LT on November 7 and a sudden downward
trend after 13:00 LT on December 26 in Nnuc were observed (Fig. 5). Meanwhile,
significant decreases in SOz mass concentration were simultaneously observed in the
upwind zone of the observation site (Fig. S9). This suggested the possible NPF event
that occurred upwind of the observation site on November 7 and December 26 might
have been interrupted mainly due to the significant decrease in SO2 concentration. In

addition, the significant drop in intensity of UVB after 13:00 LT on December 26 might
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be another factor that interrupted the possible NPF events in the upwind zone of the
observation site since UVB is an important factor affecting the formation of HoSO4
according to the equation (8).

3.4. Causes of the undefined event by AIT

In most cases, the burst period of undefined events by AIT was mainly found at
12:00 - 23:00 in spring (14 events) and summer (9 events), 11:00 - 14:00 in autumn (2
events), and 12:00 - 20:00 in winter (5 events) (Fig. S1 and Table S3), which was
consistent with the growth period of NPF events in the corresponding season. The burst
durations of undefined events by AIT were 8.7+3.8, 11.4+6.6, 1.5+0.3, and 7.2+2.2
hours in spring, summer, autumn, and winter, respectively. The burst durations of
undefined events by AIT were comparable to the growth durations of NPF events in all
seasons except autumn.

To further verify the above point, one typical undefined event by AIT with a long
burst duration and a high Nair was selected for detailed analysis in each season of spring
(May 12), summer (August 4), and winter (December 21). The undefined event by AIT
in autumn was excluded because the burst durations (<2h) in autumn were much shorter
than those (>10h) in the other seasons. The hourly concentrations of both VOCs and
H>SO4 before 10:00 LT (burst period, 10:30-20:30 LT) on May 12, before 11:00 LT
(burst period, 11:30-23:55 LT) on August 4, and before 11:00 LT (burst period, 11:50-
22:25 LT) on December 21 were higher than those at the same hours on the NPF days
of spring, summer, and winter, respectively (Fig. 6). This suggested the relatively high
mass concentrations of VOCs might indeed suppress the occurrence of NPF event even
under the condition of higher H2SO4 concentrations at the observation site.

As expected, an obvious high SO> mass concentration zone was found in the

upwind region of the observation site before the burst period of the undefined event by
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AIT (before 11:00 LT) on May 12, August 4, and December 21 (Fig. S10). In addition,
no obvious cloud cover was found before 11:00 LT over Dongguan on these three days
(Fig. S11). These phenomena suggested a possible NPF event might have occurred in
the upwind region of the observation site on these days. High concentrations were only
observed for Nair but not Nnuc, probably because the area where the NPF event
occurred was relatively far away from the observation site. Although SO mass
concentration in the upwind region of the observation site gradually declined in the
subsequent hours following the undefined events by AIT (Fig. S12), the duration of
such event (lasted more than 10 hours) was much longer than that (<3 hours) of
undefined events by NUC. This may be related to the lower wind speed over Dongguan
during the burst period of undefined events by AIT, compared to that during the burst
period of undefined events by NUC (Fig. S9, S10, and S12). The lower wind speed
allowed new particles to stay longer in the atmosphere during the downwind transport
and grow into larger particles. In general, the undefined events by AIT were likely
related to the transport of new particles formed in the upwind region of the observation
site where the NPF event might have occurred.
3.5. Contributions of NPF and undefined events to UFP number concentrations
As discussed in sections 3.2, 3.3, and 3.4, NPF events could cause significant
increases in Nurp. In addition, the undefined events by NUC and AIT were also closely
related to NPF events. To quantify the contributions of NPF event, regional transport of
NPF event, and primary combustion emission to Nurp, PMF analysis was conducted
based on key parameters of NPF events and tracers of primary combustion sources.
PMF analysis identified five major source factors for UFP, including (1) NPF and
undefined events, (2) traffic emission, (3) coal combustion and biomass burning, (4)

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

Factor 1 (NPF and undefined events) was characterized by high concentrations of
high N<ionm, Nio-250m, Nait, H2SO4, and O3 (Fig. 7a) and accounted for 51+28%,
41+26%, and 45+£27% of Nnuc, Nait, and Nurp, respectively. As discussed in section
3.2, significant increases in both Nxuc and Nait and the higher molecule concentration
of HoSO4 and the higher mass concentration of O3 were found during the NPF and
undefined days compared with those during the non-event days. Factor 2 (traffic
emission) was characterized by high concentrations of Nair, NO2, OC, EC, Cr, Mn, Cu,
and Zn (Fig. 7b) (He et al., 2008; Mousavi et al., 2018) and accounted for 9+11%,
39+28%, and 28+24% of Nwnuc, Nait, and Nurp, respectively. Noticeably, the
contribution of traffic emission was significantly higher to Nair than Nyuc. Meanwhile,
the contribution of traffic emission was higher to Nio-25snm than N<jonm. These results
suggested that traffic emission likely emitted large particles (>10 nm). Factor 3 (coal
combustion and biomass burning) was characterized by high concentrations of H2SOs,
SO, OC, EC, K, As, Se, and Pb (Fig. 7c) (Bi et al., 2019; Pernigotti et al., 2016; Zhang
et al., 2015) and accounted for 22+20%, 2+3%, and 10+=10% of Nxuc, Nait, and Nurp,
respectively. The differences were significant between coal and fuel oil emissions of
NUC and AIT, despite that they are both fossil fuels. In addition, the daily variation
trends of the tracers of the traffic emission (e.g., NO2, Cr) were more similar to those
of Nnuc and Narr than to that of the coal combustion (e.g., SO2, Pb), especially on non-
event days (Fig. S13). Thus, traffic emission might emit more NUC and AIT than coal
combustion to some extent. However, significantly more NUC was linked to coal
combustion than traffic emission, which may be related to the oxidation of SO, emitted
from coal combustion forming NUC during the transportation process. Factor 4 (ship

emission) was characterized by high concentrations of Ni and V (Fig. 7d) (Agrawal et
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al., 2009; Hays et al., 2009) and accounted for 12+£15%, 8+10%, and 9+12% of Nnuc,
Nair, and Nurp, respectively. Factor 5 (photochemical processes) was characterized by
high concentrations of UVB, O3, and H2SO4 (Fig. 7¢) and accounted for 6+11%,
10+16%, and 8+14% of Nnuc, Narr, and Nurp, respectively. This result suggested a
weaker degree of new particle formation might have occurred under the stronger
intensive of UVB conditions. Generally, Nyurp in urban Dongguan mainly depended on
the NPF and undefined events and traffic emission.

As shown in Fig. 8, the sum of NPF and undefined events accounted for 63+22%
in spring and 60+26% in summer of Nnuc, which were higher than those in autumn
(40£25%) and winter (43£29%). In contrast, coal combustion and biomass burning
contributed only 8-11% of Nnuc in spring and summer, much lower than those in
autumn (35£19%) and winter (33+21%). Although traffic emission, ship emission, and
photochemical processes had the highest contributions to Nnuc in winter, spring, and
summer, respectively, their seasonal variations were insignificant. Regarding Narr, the
sum of NPF and undefined events contributed to 51+24% and 44+25% in spring and
summer, respectively, which were higher compared to those in autumn (34+23%) and
winter (35+30%). The lowest contributions of ship emission (3+5%) and photochemical
processes (5+9%) to Nair were observed in winter, compared to those in the other
seasons (7-13%). Traffic emission contributed to 26+20% and 33+22% of Nat in
spring and summer, respectively, which were lower than those in autumn (43+27%) and
winter (53+30%). Coal combustion and biomass burning accounted for only 14+1% of
Narr in both spring and summer, which were slightly lower than those in autumn (4+3%)
and winter (3+3%).

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

higher in autumn (59%) and winter (33%) than spring (11%, including rainy days) and
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summer (12%, including rainy days), the contributions of NPF and undefined events to
Nnuc were actually higher in spring and summer than autumn and winter. Additionally,
the undefined events not only significantly contributed to Nair but also appreciably
contributed to Nnuc. Furthermore, the frequencies of the sum of NPF and undefined
events in spring (81%), summer (79%), and autumn (78%) throughout the observation
period were significantly higher than that in winter (55%). These results suggested that
the contributions of NFP and undefined events to Nnuc depended on not only their
frequencies but also their duration and burst intensities.

As discussed in Sections 3.2, 3.3, and 3.4, the average burst durations of NPF
events in winter (2.3+1.0 h) were longer than those in autumn (1.7+0.7 h), spring (1.2
h), and summer (1 h). Meanwhile, the average burst durations of undefined events in
summer (11.446.6 h) and spring (8.7+3.8 h) were significantly higher than those in
winter (7.24£2.2 h) and autumn (1.5+£0.3 h). Additionally, the burst intensities of
undefined events might also be weaker in autumn and winter than spring and summer,
because this was the case for the NPF events (Fig. 4a). Consequently, the higher
contributions of NPF and undefined events to Nnuc in spring and summer than autumn
and winter could be attributed to the higher frequencies, longer burst durations, and
stronger burst intensities of NPF and undefined events in spring and summer.

The contributions of NPF and undefined events to Nurp in spring (56+23%) and
summer (51+26%) were higher than those in autumn (36+24%) and winter (37+29%).
Ship emission contributed most in spring (15+15%) and photochemical processes
contributed most in summer (11419%) to Nurp, compared to those in the other seasons
(4-12%). Traffic emission contributed more in autumn (30+23%) and winter (41+29%)
than spring (18+£18%) and summer (23+19%) to Nurp. The contributions of coal

combustion and biomass burning to Nurp were higher in autumn (16+10%) and winter
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(13£10%) than spring (4+5%) and summer (5+5%).

As shown in Fig. 9, NPF and undefined events contributed significantly to Nnuc,
accounting for 44-63% during 9:00-21:00 LT. This was because the burst period of NPF
events mostly occurred during the daytime (Table S1). It is worth noting that the
contributions of NPF and undefined events remained high at 39-57%, even at night.
This was due to the extended duration of undefined events or the growth period of NPF
events, which could last until the next morning. Although Nnuc was significantly lower
at night than during the daytime, the contributions of NPF and undefined events to Nnuc
were still significant compared to the other sources. Likewise, photochemical processes
contributed 9-19% to Nnuc during 9:00-18:00 LT, but negligible at night because
photochemical reactions only occur during the daytime. In contrast, coal combustion
and biomass burning (24-31%), traffic emission (11-18%), and ship emission (14-18%)
contributed significantly to Nnuc during the nighttime (21:00-6:00 LT) or early morning
(0:00-6:00 LT), likely due to the diurnal variation of boundary layer height and
characteristics of these sources activities.

The diurnal variations in the contributions of the five sources mentioned above to
Narr were consistent with the diurnal trends of their contributions to Nnuc. The high
contributions of NPF and undefined events to Nait (42-45%) were found between 6:00-
18:00 LT. Similarly, the contributions of photochemical processes to Narr (18-34%)
during 9:00-18:00 LT were much higher than that at night (0%). In contrast, high
contributions of traffic emission (46-57%) and ship emission (7-12%) to Nair occurred
during nighttime (21:00-6:00 LT) or early morning (0:00-6:00 LT). The contribution of
coal combustion and biomass burning to Narr during the nighttime (3-4%) was only
slightly higher than that during the daytime (1-2%).

As a result, high contributions of NPF and undefined events (46-51%) and
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photochemical processes (1-27%) to Nurp occurred during the daytime, while those of
traffic emission (34-44%), coal combustion and biomass burning (9-14%), and ship
emission (7-14%) to Nurp occurred during the nighttime. In general, Nurp was
determined by NPF and undefined events and photochemical processes during the
daytime, while Nurp was controlled by traffic emission, coal combustion and biomass
burning, and ship emission during the nighttime.

4. Conclusions

This study investigated the occurrence frequencies of the NPF and undefined days,
explored possible formation mechanisms of NPF events and undefined events by NUC
and AIT, and quantified the contributions of NPF and undefined events to Nurp in
different seasons in urban Dongguan of South China. The NPF events in this city were
mainly caused by low concentrations of reducing gases (especially VOCs and NO») and
high concentrations of O3 and H2SO4. The undefined events by NUC and AIT were
mainly caused by regional transport of NPF from the upwind region where NPF events
likely occurred.

NPF and undefined events and traffic emission were the dominant sources of Nugp.
Besides the NPF and undefined events, coal combustion and biomass burning was the
second largest contributor to Nnuc, while traffic emission was the second largest
contributor to Narr. Considering that the undefined event by NUC and AIT were both
related to NPF events in the upwind region, further controlling coal combustion and
traffic emission would be an effective way to alleviate the effects of UFP on haze
formation and human health in the PRD region. Future studies in this region should
measure H2SO4 and OH radicals, especially in the industrial zone where large amounts
of SO, are emitted, to confirm the potential formation mechanisms of NPF and

undefined events revealed in the present study.
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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 SAITIe type Instruments SAITle duration
23 April-19 Particle number size distribution =~ SMPS, TSI 3938 (DMA, TSI S
min
May 2019 (4.7-63.8 nm) 3085 and CPC, TSI 3776)
(spring) Particle number size distribution =~ SMPS, TSI 3938 (DMA, TSI S
min
(14.9-673.2 nm) 3081 and CPC, TSI 3775)
28 July-21 SO, Thermo 43i 1h
August 2019 O3 Thermo 49i 1h
(summer) airmoSCANXPERT,
VOCs lh
Chromatotec
18 October-13 NO; Thermo 42i 1h
November UVB/SR CAlITbell CR 1000 1h
2019 (autumn) . Vaisala Company, model
RH/T/Rain lh
MAWS201
4-30 OC/EC SUNSET Model 4 1h
December Cooper Environmental
. Elements . ) 1h
2019 (winter) Services, Model Xact® 6251
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

Annual Spring Summer Autumn Winter
Period Size mode N Number GMD N Number GMD N Number GMD N Number GMD N Number GMD
(10%cm™) (nm) (10° cm™) (nm) (10°cm™)  (nm) (10° cm™) (nm) (10% cm™) (nm)

UFP 141+ 56+

471008 NUSCE 133453 43419 141465 g 1424140 40423 1464111 39420
NPF NUC 6.119.3 49429 38436 68+113 67198
Undefined  47:25m | B | 43519% 71 37416% U] 27413% 2T 43420% 27| 46+20%

AIT 80145 84141 103+42 74451 7.944.0

25-100nm 574+19% 63+16% 73+13% 52420% 54420%

UFP 18.0+ 145+ 37+

47100 oo 32 o 2547 2024136 70 1794174 40423 2064165 33%19

NUC 92+135 74461 81483 9.0+143 11.6+152
B 23 4725mm | 27 | s1+20% Pl si+1% Ul sg+13% 161 504200, O s6+24%

AIT 88+59 71461 132474 89162 9.0+56

25-100nm 49+22% 49+ 11% 62+13% 50422% 44+ 24%

UEP 126453 49421 134449  44+19 136449 O7F 104456 39423 135458 39420

4.7-100nm 17 39

NUC 49 | 45+40 48426 34425 47453 | 51+38
Undefined 4 75500 | 309 | 36+17% 1471 354 16% 9 1 55+ 120, 20| 45+18% 59 | 38+18%

AIT 8.113.6 8.6+4.0 102437 57422 84138

25-100nm 64+17% 65+16% 75+12% 55+ 18% 62+ 18%

UEP 100428 44420 119426 43+16 5427 3F 84421 43422 104428  44+19

4.7-100nm 17

NUC 35+18 48+18 37421 28+12 3.6+2.0
Non-NPF 4 2 osim | 21 | 354130 2| s0+14% Pl s0+10% 6 1 34411% 20 344149

AIT 6512.0 71421 78+13 56417 68+19

25-100nm 65+13% 60+ 14% 68+10% 66+11% 66+ 14%

UFP 40+

471008 136466 40+18 141465 34+15 129+68 4
Rain NUC by | 55E42 o | 62%37 5y | S1E43 . .

4.7-25nm 414+15% 44+14% 40+15%

AIT 81142 79447 784141

25-100nm 594+15% 56+ 14% 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 H>SO4, O3, HONO, UVB, VOCs and NO> on May 1 (a),
August 20 (b) and November 1 (¢) 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 H>SO4 and
Js7.25 during the burst period of typical NPF events (a) and the hourly mass
concentration of O3 and J4 725 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 H>SO4, HONO, O3, VOCs, NO>, 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 H>SO4, HONO, O3, VOCs, NO,, 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<ionm, N10-25nm, NNUG,
Nair and Nuyrp.

Fig. 9. Diurnal variations of the contributions of five sources to N<jonm, N10-250m, NNUC,

Nart and Nurp.
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Relative concentrations

Fig.7

actor 1: NPF and undefined events(a)

Facto[‘ 2: traffic emission(b)

Faktor 4: ship emission(d)

Ractor 5: photochemical processes(e)[
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