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ABSTRACT

To understand the contribution of new particle formation (NPF) events to ambient fine par-
ticle pollution, measurements of particle size distributions, trace gases and meteorological
conditions, were conducted at a suburban site (NJU) from October to December 2016 and at
an industrial site (NUIST) from September to November 2015 in Nanjing. According to the
temporal evolution of the particle size distributions, three types NPF events were observed:
typical NPF (Type A), moderate NPF events (Type B) and strong NPF (Type C) events. The fa-
vorable conditions for Type A events included low relative humidity, low concentration of
pre-existing particles, and high solar radiation. The favorable conditions of Type B events
were similar to Type A, except for a higher concentration of pre-existing particles. Type C
events were more likely to happen with the higher relative humidity, lower solar radiation
and continuous growth of pre-existing particle concentration. The formation rate of 3 nm
(Js) was the lowest for Type A events and highest for Type C events. In contrast, the growth
rates of 10 nm and 40 nm particles were the highest for Type A, and lowest for Type C. Re-
sults show that NPF events with only higher J; would lead to the accumulation of nucleation
mode particles. Sulfuric acid was important for the formation of particles but had little effect

on the growth of particle size.
© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction

Airborne particles are ubiquitous in the atmosphere and
directly or indirectly influence human lives (Wang et al,
2014b; Ye et al., 2017). For example, high particle exposure is

* Corresponding author.

strongly associated with cardiovascular and respiratory dis-
eases (Peng et al., 2017). As observed worldwide, new particle
formation (NPF) significantly increases the number concentra-
tion of ambient submicron-size particles in the atmosphere
(Wang et al., 20133, 2014a; Salimi et al., 2015; Peng et al., 2017;
Shang et al., 2018). The subsequent growth of newly formed
particles affects atmospheric chemical processes and can lead
to serious aerosol pollution (Ye et al., 2017; Yu et al., 2017).
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In general, the particle size distribution can be divided into
four modes: nucleation mode (Dp < 20 nm), Aitken mode (20
nm < Dp < 100 nm), accumulation mode (100 nm < Dp < 1000
nm) and coarse mode (Dp > 1 pm) (Hussein et al., 2004). NPF
events result in significant growth in the number concentra-
tion of nucleation mode particles (Lee et al., 2019), and the
new particles can grow into Aitken mode particles, or even
to the size of cloud condensation nuclei (CCN) (Cai et al,,
2021). Sufficiently condensed vapors trigger nucleation and
drive new particle growth (Merikanto et al., 2009). Sulfuric
acid is considered a key compound in atmospheric nucleation
(Sipila et al., 2010). Recent studies found that some organic ox-
idation products could accelerate the formation and growth
rates of new particles (Metzger et al., 2010; Garmash et al.,
2020). In addition, meteorological conditions may also influ-
ence new particle formation and subsequent growth. For ex-
ample, Peng et al. (2017) found that the west wind was fa-
vorable for the formation of nucleation mode particles at
Chang’an meteorological observation station in northwest-
ern China. Interestingly, the east wind was favorable for the
growth of nucleation mode particles.

In recent years, the rapid growth in industry and energy
consumption has resulted in abundant emissions and thereby
ambient concentrations of precursors for NPF. Various types
of NPF events have been observed in China. A banana-shaped
event is usually identified as a typical event (Kulmala et al,,
2012), whereas other shapes (e.g., "apple" and "hump" shapes)
indicate atypical events. Yu et al. (2019) found a type of atyp-
ical strong NPF event with a high formation rate and low
growth rate at Xiangshan gulf of Zhejiang Province on the
east coast of China. The formation rate of 2-7 nm particles
and the growth rate of 7-20 nm particles were about 162-
231 cm™ sec™? and 4.4 nm/hr, respectively. They were re-
spectively higher and lower than the average formation rate
(~76 cm™ sec™1) and growth rate (~7.5 nm/hr) of the three
urban agglomerations (the North China Plain, the Yangtze
River Delta and the Pearl River Delta) in China (Zhang et al,,
2021). The new particles did not increase in size and con-
tributed little to the concentration of the Aitken mode par-
ticles. Peng et al. (2017) reported another type of atypical NPF
event, in which the concentration of 50 nm particles increased
slightly during the daytime.

The changing meteorological conditions could be the cause
of different event types with varied particle formation and
growth rates (Yu et al., 2016). For example, relatively high tem-
peratures were conducive to the occurrence of typical NPF
events (Peng et al., 2017). The average growth rate of typical
events was 8 nm/hr, larger than that of atypical NPF events
(~4.4 nm/hr). Approximately 60% of the apparent growth rate
for typical events could be attributable to the condensation
of sulfuric acid and its subsequent neutralization (Yue et al,,
2010). There have been few comparative analyses of mete-
orological conditions, particle size distributions, particle for-
mation and growth rates for different NPF event types in rel-
atively polluted eastern China (Wang et al., 2014b; Qi et al,,
2015; Shen et al., 2016). This limitation prevents a better un-
derstanding of the reasons and conditions for aerosol pollu-
tion formation in rapidly developing regions.

In this study, we selected Nanjing, a typical industrialized
and economically developed city with relatively high aerosol

concentrations in East China, and conducted two campaigns
on new particle formation and growth events at a suburban
and an industrial site. Three types of NPF events were identi-
fied according to the temporal evolution of aerosol size dis-
tribution, and the favorable conditions for NPF events were
derived through comparisons of the observed meteorological
variables and diurnal patterns of trace gases and PM,;s lev-
els by event type. Compared to our previous studies that con-
ducted NPF event classification at a single site (Yu et al., 2016;
Dai et al., 2017), we present the number concentrations of var-
ious particle modes by event type at both suburban and indus-
trial sites in this work. We calculated and compared the for-
mation and growth rate of particles for different event types.
The possible mechanisms of particle nucleation were then an-
alyzed based on the relationships between the calculated for-
mation rates and the abundance of a proxy for sulfur acid,
and the contributions of sulfuric acid to particle growth were
quantified to reveal its varied roles in different event types.

1. Material and methods
1.1. Site descriptions

Two field campaigns were conducted at an industrial site
(6 September-11 November 2015) and a suburban site (27
October-26 December 2016). As shown in Fig. 1, the industrial
site is inside the campus of Nanjing University of Information
Science & Technology (NUIST, 32.30°N, 118.72°E; 60 m.a.g.l)
located downwind of Nanjing. The industrial facility cluster
of the Nanjing Chemical Industry Park is 3 to 15 kilometers
northeast of the site (An et al., 2015). The prevailing wind di-
rection was easterly at the site during the campaign (see the
joint probability plot in Fig. 1). NUIST was thus affected by in-
dustrial plumes from various petrochemical processes, such
as smelting, petroleum refining and gas flaring at petrochem-
ical facilities, containing SO,, NOy, NHgs, volatile organic com-
pounds (VOCs), and amines (Zheng et al., 2015).

The suburban site is located on the roof of the School of the
Environment building inside the Xianlin Campus of Nanjing
University (NJU, 32.12°N, 118.95°E; 30 m.a.g.l.), 20 km north-
east of downtown Nanjing (Shen et al.,, 2018) (Fig. 1). During
the campaign, the prevailing wind direction at the site was
northeasterly (see the joint probability plot in Fig. 1). Few pri-
mary emission sources existed within a distance of 2-10 km
around the site, and none were located upwind (Ding et al,,
2013a). In contrast to NUIST, which was directly affected by
local or nearby sources, NJU was affected by contaminants
transported from longer distances. The site was expected to
represent a regional background with low concentrations of
gaseous pollutants (O3, SO,, and NO,) (Ding et al., 2013a).

To further analyze the air pollutant sources affecting the
two sites, we chose CO as a tracer, which has broad applica-
tion prospects in understanding the origin and transport of air
pollutants (Ding et al., 2013b). Nonparametric wind regression
(NWR) was conducted for the measured CO during the cam-
paigns (discussed in Section 2.2), as shown in Fig. 1. The NWR
results exhibit distinct hot spots (higher concentrations) in the
southeast wind sector of NUIST at wind speeds of approxi-
mately 0-6 km/hr and the southwest wind sector of NJU at
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Fig. 1 - Locations of the suburban site (NJU) and industrial site (NUIST). Wind analysis results using nonparametric wind
regression (NWR) of CO during the campaigns. Note: CO is a tracer of transport of air pollutants.

wind speeds of approximately 3-7 km/hr. This indicated that
NUIST could be affected by pollutants emitted from the sur-
rounding factories (Petit et al., 2017).

The meteorological fields during the research periods in
2015 and 2016 were compared for eastern China (29°N-33°N
and 115°E-123°E) to evaluate the effect of the meteorological
difference on the campaigns. The data were obtained from
the European Centre for Medium-range Weather Forecasts
(ECMWF) interim reanalysis (ERA-Interim) with a horizontal
resolution at 0.25°x0.25°. As shown in Table S1 in the supple-
mentary material, good correlations were found for each me-
teorological factor between the two periods, with the correla-
tion coefficients larger than 0.617. The comparison indicated
that the uncertainty caused by the different meteorological
condition was limited for the NPF measurements.

1.2.  Instrumentation and classification of NPF events

The size distributions of particle number concentrations were
measured at NUIST using a TSI Nano-SMPS (a differential mo-
bility analyzer DMA3085 and a condensation particle counter
CPC3776, TSI Inc., USA) with a scanning range of 3-160 nm and
an MSP wide-range particle spectrometer (WPS XP-1000, MSP
Corp., USA) with a scanning range of 10-10000 nm (Gao et al.,
2009). The WPS system consists of a differential mobility an-
alyzer (DMA) connected to a condensation particle counter
(CPC) that measures 10-500 nm particles and to a laser particle
spectrometer (LPS) that measures 350 nm-10 pm particles. The
air sampling inlet was a 150-cm long and 1.0-cm inner diame-
ter (ID), vertically oriented, stainless-steel tube with an airflow

of 5 standard liters per minute (sLpm). The transport loss of
particles in the inlet was corrected using the size-dependent
particle survival ratios calculated by a particle loss calculator
tool (Weiden et al., 2009).

As SMPS could not be used due to instrumental mainte-
nance in 2016, the more portable electrical aerosol spectrome-
ter (EAS, Tartu University, Estonia) was applied at NJU to obtain
the particle size distributions in the range from 3 to 10000 nm.
EAS charges the particles and classifies them in a parallel mul-
tichannel mobility analyzer (MDMA) and measures the classi-
fied channel signals using an electrometric amplifier. The EAS
consists of two multichannel mobility analyzer columns: the
D-column measuring fine particles from 3 nm to 1 pm and the
E-column measuring coarse particles from 300 nm to 10 pm.
The particle size distributions are derived with a mathemati-
cal deconvolution procedure from the 20 D electrometers and
the 20 E electrometers. The inlet was a 120-cm long and 3.0-
cm ID, horizontally oriented, copper tube with an airflow of 30
sLpm. The transport loss of particles was corrected using the
same method as that at NUIST.

The aerosol scanners were calibrated prior to campaigns
and were properly maintained following the instructions of
the instruments during the campaigns. Previous studies have
indicated a good correlation between the data obtained by
EAS and SMPS (Intra and Tippayawong, 2007; Mirme et al.,
2007; Vana et al., 2016). Intra and Tippayawong (2007) pointed
out that EAS number concentration was about 10% (range:
3%-15%) higher than that of SMPS in 5-1000 nm size range
(Vana and Tamm, 2002). Therefore, the results measured by
the two different scanners were believed to be comparable.
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A gas chromatograph system (GC 5000; AMA Instruments
GmbH, Germany) with a flame ionization detector (FID) was
applied at NUIST to monitor the hourly concentration of
56 different ozone precursors specified by the US Environ-
mental Protection Agency. The instrument was calibrated be-
fore monitoring (An et al, 2014). At NJU, a GC580 analy-
sis system from PerkinElmer Instruments Clarus (Model-580,
PerkinElmer, USA) was applied to conduct online VOC moni-
toring. The concentrations of TVOCs were obtained by sum-
ming the concentrations of the 56 VOC species. The time res-
olution of the GC at NJU was the same as that at NUIST. At
both sites, the concentrations of SO,, O3, CO, and NO, were
measured at a temporal resolution of 1 min using Thermo
Environmental Instruments (Model 43i-TLE, 49i, 48i, and 42i,
Thermo, USA). The PM, 5 concentration was monitored using
a Thermo Scientific TEOM 1405 (Model-1405, Thermo, USA).
During the campaigns, the two sites recorded meteorological
parameters hourly, including wind speed, wind direction, rel-
ative humidity (RH), temperature and solar radiation from au-
tomatic weather stations (CSI-CR1000, Campbell, USA).

1.3.  NFPF classification

Particle growth after nucleation is crucial to determine
whether new particles could grow to cloud-condensation-
nuclei-active sizes. Based on the characteristics of the particle
size spectrum, the classification of NPF events was conducted
to explore the atmospheric conditions that were conducive
to NPF. Dal Maso et al. (2005) divided the NPF events into 2
classes: Class I (typical events) and Class II (atypical events).
Mazon et al. (2009) found that Class II could be further divided
into a few sub-classes. For example, Hirsikko et al. (2007) ex-
panded the number of classification types based on the dif-
ference in the charged nature of particles. Based on the par-
ticle size spectrum, other researchers divided Class II events
into "bursting events", "hump events", "suppressed events",
"stationary NPF events", or "weak NPF events" (Yli-Juuti et al.,
2009; Vakkari et al., 2011; Chen et al., 2017; Dall Osto et al., 2017,
GroB et al., 2018; Lee et al., 2020).

To explore the effects of different event types on the par-
ticle number concentration, we classified the NPF event types
with a refined strategy based on the criteria by Dal Maso et al.
(2005). Fig. S1 in the supplementary material presents our re-
fined decision tree for the event classification. Three NPF event
types were divided according to the particle size spectrum:
typical new particle formation events (light accumulation of
number concentration of the nucleation mode particles, Type
A), moderate accumulation of number concentration of the
nucleation mode particles (Type B), and heavy accumulation of
number concentration of the nucleation mode particles (Type
C). There were similarities and differences between the event
types of this study and Dal Maso et al. (2005). Type A events
(typical events) corresponded to Class I: clear particle forma-
tion events, with little or no pre-existing particles obscuring
the newly formed mode. A banana-shape growth was seen.
Type B and C events (atypical events) were both violent NPF
events and corresponded to part of Class II. The number con-
certation of nucleation mode particles increased sharply.

We distinguished Types B and C to evaluate the effect of
atypical events on CCN. Particles with the size of 40-50 nm

could efficiently act as CCN (Casquero-Vera et al., 2020). In this
work, the number concentration of 40-50 nm particles (Nyg._sg)
increased by more than 1.5 times for Type B event, while the
growth of Nyg.5o for Type C was less than 1.5 times. This indi-
cated that Type B events could contribute more to CCN con-
centration than Type C (Yu et al., 2014).

1.4. Calculation of variables characterizing NPF

The event duration and stability of air mass are impor-
tant for analyzing the particle formation and growth rates
(Baalbaki et al., 2021; Qi et al., 2015). While the rationality
was widely accepted for typical events (Type A), Baalbaki et al.
(2021) pointed out that it was feasible to calculate the par-
ticle formation and growth rate of atypical events when the
duration of these events was long enough (>15 min). As pre-
sented in Table 1, the durations of all the atypical (Type B and
C) events were longer than 1 hour, thus the calculation of par-
ticle formation and growth rates is believed to be reasonable.
Regarding the stability of air mass, we followed the method
by Draxler and Rolph (2010) and illustrated the back trajecto-
ries during 48 hr by event type and site with the NOAA Hybrid
Single-Particle Lagrangian Integrated Trajectory model (Fig. S2
in the Supplementary material). The trajectories were basi-
cally stable over large regions for all event types at both sites

We used the general dynamic equation (GDE) to calcu-
late particle growth and formation rates (Gelbard and Sein-
feld, 1978; Kuang et al., 2012; Yu et al., 2016). Consistent with
the high resolution of monitored data (4 min in this work), the
method can reflect the rapid formation and growth rate of par-
ticles in the atmosphere. Details of the method have been de-
scribed by Yu et al. (2016). The aerosol GDE describes the evo-
lution of number concentrations in a size bin between particle
diameters Dp; and Dp, (Dp, > Dp1):

dN(Dp1, Dpy. t
% = J(Dp1,t) = J(Dpa. t) — coagSnk(Dp1, Dpy. t)
+coagSrc(Dp1,Dpy, t) (1)

where, N(Dp1, Dpo, 1) (cm™) is the particle number concen-
tration in the size bin, inverted from the SMPS or EAS scan-
ning data; J (cm™ sec™?) is the particle formation rate; and
CoagSnk (Dp1, Dpy, t) and CoagSre (Dpy, Dpo, t) (cm™ sec™?) are
the sink and source terms defining the coagulation out of and
into the size bin between Dp; and Dp,, respectively. By assum-
ingJ (50 nm, t) in the largest size bin (i.e., the condensational
growth flux out of 50 nm) to be negligible (Yu et al., 2016), we
could calculate the formation rates J(Dp, t) across all size bin
boundaries. Once the formation rates J(Dp, t) were obtained,
the condensational growth rate GR(pp, ) could then be calcu-
lated as Ty, t)/n(Dp, 4, where np,, 4 is the particle size distribu-
tion (dNy/dDp) for each size bin.

The condensational sink (CS) was calculated according to
Dal Maso et al. (2005) and Ezhova et al. (2018). CS is an impor-
tant parameter indicating the cleanliness of the atmosphere
and can be calculated using Eq. (2) (An et al., 2015):

Dp,max
CS = 27Dy f Dy pn(Dp)dD, )
0

where, Dy is the diffusion coefficient of the condensing vapors
and B =3aB1/4Kn. Here, Kn is the Knudsen number and calcu-
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Table 1 - Summary of event type, date, duration, condensation sink (CS), average formation rate at 3 nm (J3 ave) and 40 nm
(J0,ave) Ja0,ave/J3,ave, average growth rate at 10 nm (GRig, ave), and average growth rate at 40 nm (GRyg, ave) at the suburban

site (NJU) and industrial site (NUIST).

Site Type Date (mm/dd/year) Duration (hr) }3, ave (Cm73 sec‘l) }40, ave (cm’3 SeC_l) }40,ave/}3,ave GR]O, ave (nm/hr) GR4O, ave (nm/hr) Cs (1072 sec‘l)

NJU A  10/30/2016 3.07 9.45 0.39
NJU A  11/8/2016 4.07 6.35 0.39
NJU A  11/15/2016 4.53 7.40 0.65
NJU A  12/2/2016 3.67 6.44 0.51
NJU B 11/1/2016 3.93 12.71 0.78
NJU B 11/4/2016 4.07 12.88 0.79
NJU B 12/6/2016 4.87 9.37 0.58
NJU B 12/8/2016 4.47 12.20 0.50
NJU B 12/16/2016 2.67 18.43 0.39
NJU B 12/23/2016 3.07 8.38 0.21
NJU C 10/31/2016 5.33 15.36 0.23
NJU C 11/21/2016 5.87 9.54 0.16
NJU C 11/27/2016 9.2 20.44 0.42
NJU C 12/7/2016 4.27 14.31 0.22
NJU C 12/10/2016 5.53 9.79 0.21
NUIST A 9/14/2015 3.47 3.60 0.17
NUIST A 9/20/2015 2.67 6.92 0.66
NUIST A 10/1/2015 1.67 7.14 0.35
NUIST A 10/2/2015 1.8 5.98 0.15
NUIST A 10/10/2015 1.4 4.37 0.21
NUISTA  10/11/2015 3.27 3.08 0.12
NUIST A 10/18/2015 1.8 7.98 0.43
NUIST A 10/27/2015 3.27 3.77 0.15
NUIST A 10/31/2015 1.8 3.49 0.36
NUISTA  11/1/2015 1.93 2.59 0.22
NUIST B 9/13/2015 1.8 8.65 0.53
NUIST B 9/27/2015 5.4 10.76 0.83
NUIST B 10/12/2015 3.73 7.98 0.19
NUIST B 10/30/2015 4.33 13.01 0.40
NUIST C 9/24/2015 5.73 41.23 0.21
NUIST C 9/26/2015 4.8 22.17 0.04
NUIST C 9/28/2015 4.6 16.76 0.12

0.041 14.31 6.46 1.01 £ 0.08
0.061 11.02 6.82 1.00 £ 0.10
0.088 20.28 591 1.28 £ 0.45
0.079 12.32 13.8 1.22 £0.42
0.061 12.16 6.57 1.03 £0.18
0.061 18.88 6.69 1.06 £ 0.24
0.062 - 6.43 1.53 £0.61
0.041 15.62 7.35 1.55 £ 0.74
0.021 9.19 10.21 1.54 £0.71
0.025 11.24 6.83 1.62 £ 0.60
0.015 - 4.54 1.64 £ 0.35
0.017 = 4.19 1.42 £0.50
0.021 8.59 6.70 2.10 £ 0.30
0.015 18.49 5.61 =

0.021 7.16 4.51 1.98 £0.27
0.047 18.23 2.93 -

0.095 25.00 10.25 1.124+0.32
0.049 41.20 5.62 1.114+0.31
0.025 5.39 4.31 1.3440.49
0.048 29.19 3.65 1.69+0.46
0.039 40.72 6.12 1.08+0.27
0.054 20.82 6.13 1.73+£0.52
0.040 9.27 3.29 1.03+0.28
0.103 5.52 3.98 1.03+£0.17
0.085 16.69 2.78 1.434+0.50
0.061 12.52 2.14 -

0.077 17.19 6.91 1.32 £0.52
0.024 16.02 2.81 1.00 £ 0.10
0.031 3.60 2.13 1.16 £ 0.37
0.005 13.13 2.76 1.40 £ 0.56
0.002 3.38 2.89 1.31+£047
0.007 11.46 2.77 1.50 £ 0.10

lated as 2)/Dp, where A (nm) is the mean free path of condens-
ing molecules.

Sulfuric acid is believed to play an important role in NPF
(Kulmala, 2013). For long-term observation, the daytime sul-
furic acid concentration was calculated using a proxy method
(Kurten et al., 2016):

[H2SO4]pyoxy = @ x R(T. p) x [SO,]” x Rad® x RHY x CS* 3)

where, k is a rate constant dependent on ambient tempera-
ture T (K) and pressure p (Pa) (Mikkonen et al., 2011), [SO;]
is the mixing ratio (ppbv), Rad is the radiation (W/m?), RH is
the relative humidity (%), and CS is the condensation sink
(sec). The performance of a proxy equation is site-specific
due to varying atmospheric conditions from one site to an-
other (Lu et al., 2019). Yao et al. (2018) parameterized the proxy
equation proposed by Mikkonen et al. (2011) based on mea-
surements in Shanghai, which is geographically close to Nan-
jing and shares similar atmospheric conditions with Nanjing.
The coefficients a, b, ¢, d, and e were 1.321x10%%, 0.913, 0.990,
—0.217 and —0.526, respectively (Yao et al., 2018). The concen-
trations of SO,, NO,, CO, O3 and CS in Nanjing were 7.3-16.2,
22.69-40.06, 790-960, 42-76 g/m? and 0.018-0.026 sec~?, while
those in Shanghai were 3-15, 20-70, 300-900, and 20-50 ug/m3

and 0.007-0.030 sec™?, respectively. As the pollutant concen-
trations and CS during our observation period were in simi-
lar ranges with those of Yao et al. (2018). Thus, we believed
that the new parameterized proxy equation could be applied
to Nanjing.

The contribution of sulfuric acid to the growth rate needed
to be estimated to evaluate the contribution of other sub-
stances. We calculated the sulfuric acid vapor concentration
required for a growth rate of 1 nm/hr over a range of particle
sizes based on Nieminen et al. (2010):

C _ 20v0dy  [Amy [ 2x1 +1 _ 2%x0+ 1
GR=Inm/hr = 2y AtV 8kT | x1(x1+1) Xo(Xo + 1)
x1(Xo + 1)]
2In ————=~ 4
* Xo(x1 +1) @

where, Xo and x; are the ratios of the diameter of the va-
por molecule (dy) to the diameter of the initial particle and
grown particle, respectively. The mass (my) and density (py)
of sulfuric acid applied in this study are 135 amu and 1650
kg/m3, respectively, corresponding to sulfuric acid molecules
(Kurten et al., 2007). However, Cgr_1nm,hr could possibly be un-
derestimated because the efficiency of the adhesion of sulfu-
ric acid molecules to particles may not reach 1.
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Fig. 2 - Time series for average particle size distributions for NPF (Type A, B and C) and non-NPF events at NJU. The
nucleation (red line), Aitken (black line) and accumulation (white line) mode concentrations and the particle geometric

mean diameter (GMD, plus signs) are shown.

The growth rate related to sulfuric acid condensation
(GRu,s0,) (Wang et al., 2015) was then calculated using Eq. (5):

)

where, [H,S04] is the concentration of sulfuric acid. Since we
did not directly measure the concentration of sulfuric acid in
the atmosphere, we used [HySO4],;0y, calculated with Eq. (3).

GRy,s0, = [H2S04]/Ccr=1nm/hr, H,50,

2. Results and discussion
2.1.  Particle size distributions for different NPF event
types

According to the classification strategy described in
Section 2.3, 4 Type A, 6 Type B and 5 Type C events were
identified among the 59 observation days at NJU, while 10
Type A, 4 Type B and 3 Type C events were identified among
the 55 observation days at NUIST, as summarized in Table 1.
The occurrence frequency of NPF events at NJU was 25% and
31% at NUIST during the entire campaign.

Figs. 2 and 3 illustrate the averaged diurnal variations in
particle size distributions for Type A, B and C events and non-

NPF events at NJU and NUIST, respectively. It should be noted
that the particles were relatively large when they first ap-
peared, resulting from the NPF events transported from other
regions or changed emissions at night. On one hand, the NPF
events could occur at night in other areas, and the grown
particles were brought to the site by air mass. On the other
hand, the emissions of motor vehicles could result in abun-
dant particles with a size of 15-25 nm. The situation was par-
ticularly obvious at NJU, as it is close to a highway which
heavy-duty vehicles are allowed to pass at night. During the
daytime, the concentration of those particles would decrease
rapidly through the movement of the airflow and the rise of
the boundary layer height.

The increase in number concentration of nucleation mode
particles for NPF events could not be induced by plume nucle-
ation. The plume nucleation would rapidly elevate the num-
ber concentration of nucleation mode particles within a very
short time, and the number concentration of particles in at-
mosphere would decline afterwards. During the daytime of
NPF events, in contrast, the number concentration of nucle-
ation mode particles maintained a high concentration for a
long time (>1 hr), thus they were not plume events. For the
non-NPF days, although the number concentration of nucle-
ation mode particles increased, the subsequent growth of the
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number concentration of Aitken mode particles did not ap-
pear. The duration of nucleation mode particles was relatively
short (<1 hr).

Fig. S3 shows the contour plot of particle number size dis-
tribution for different event types at NJU and NUIST. The con-
tours of particle number size distribution for Type A were
uniform distribution banana shapes. The contours of parti-
cle number size distribution for Type B were uneven distribu-
tion banana shapes. However, there were no banana shapes
for the contours of particle number size distribution for Type
C at NJU and NUIST. It indicates that part of new parti-
cles can keep grow up, like Type A events, during Type B
events.

More serious accumulation of nucleation mode particles
was clearly found in Type C events compared with Type A.
Table 2 summarizes the average particle number concentra-
tions of different modes for different event types at the two
sites. The total average number concentrations ranked in the
order of Type C (3.4+1.7)x10* cm™ at NJU and (6.6+3.3)x10%
cm™ at NUIST) > Type B (3.3+1.2)x10* cm™ at NJU and
(5.5+3.8)x10* cm™ at NUIST) > Type A events (2.8+1.7)x10%
cm™ at NJU and (2.4+1.3)x10* cm™ at NUIST). The average
number concentrations of the nucleation mode (3-20 nm)

Table 2 - Average particle number concentrations of dif-
ferent modes for different NPF event types at the two

sites.

Type Nucleation mode Aitken mode Total
NJjU A 19+17 0.9+0.5 28+17
(10 B 21412 12404 3.3+12
cm™3) C 20+£17 1.3+£05 34+17
NUIST A 14+13 1.0+0.6 24+13
(10* B 43+38 1.2+0.6 55+38
cm®)  C 51+£32 15+32 6.6 £33

and Aitken mode (20-100 nm) particles were (1.9+1.7)x10%
and (0.9+0.5)x10%, (2.1+1.2)x10% and (1.24£0.4)x10% and
(2.0+£1.7)x10* and (1.34£0.5)x10* cm™ during Type A, B,
and C events at NJU, respectively; while the analogs at
NUIST were (1.4+1.3)x10* and (1.0£0.6)x10%, (4.3+3.8)x10%
and (1.2+0.6)x10%, and (5.143.2)x10% and (1.543.2)x10% cm™3,
respectively (Table 2). In general, the concentrations of nucle-
ation mode (3-20 nm) and Aitken mode (20-100 nm) particles
in Type A events were the lowest among all event types.
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Aitken mode particles are generated from the growth of
nucleation mode particles. Before the NPF events started, the
average fractions of Aitken mode particles were lowest in Type
A events (27.7% for NUIST and 42.3% for NJU). During NPF
events, the average number concentrations of Aitken mode
particles accounted for 55.5%, 42.4% and 36.9% of the total
number concentrations in Type A, B and C events at NUIST,
respectively, and 45.7%, 39.2%, and 40.6% at NJU, respectively.
The growth of Aitken mode particles during Type A events
(particularly at NUIST) implied the more important role of
typical NPF on the particle concentration compared with the
other two types.

The initial geometric mean diameters (GMD) of the par-
ticles (3 nm-10,000 nm) were 15, 15, and 20 nm for Type A,
B and C events at NJU, respectively, and 20, 15 and 15 nm
at NUIST, respectively. They were observed to grow to 40, 35,
and 35 nm during Type A, B and C events at NJU, and 50,
40, and 30 nm at NUIST, respectively. The largest growth in
GMD was found for Type A events and the smallest for Type
C events, resulting possibly from the changed CS for different
event types. Table 1 summarizes the main variables for differ-
ent event types during the campaigns. The average CS during
Type A, B and C events were 0.011+0.0014, 0.0144+0.0027, and
0.018+0.0031 sec™! at NJU, and 0.013+0.0028, 0.012+0.0016,
and 0.014+0.0010 sec~! at NUIST, respectively. The lowest and
highest average CS were found for Type A and C events, re-
spectively. The lifetimes of molecular clusters and gas-phase,
low-volatility compounds were inversely proportional to the
CS. The high CS limited the concentrations of low-volatility
compounds and in turn restrained the particle growth.

Fig. 4a and c demonstrate that the size distributions of sur-
face area concentrations were bimodal with peaks at 100-200
nm and 1.0-2.0 pm at NJU and trimodal with peaks at 100-
200 nm, 500-600 nm and 1.0-1.5 pm at NUIST. Regardless of
the event type, the particles with a size range of 0.2-2.0 pm
greatly contributed to the surface area concentrations. Fig. 4b
and d show bimodal size distributions of aerosol number con-
centrations for all event types. For Type A, B, and C events at
NJU, the first peak of aerosol number concentrations was at
20-30 nm, 10-20 nm, and 10-15 nm, and the second was at
800-900 nm, 1.0-1.5 pm, and 1.0-1.5 pm, respectively (Fig. 4b).
At NUIST, the first peak was at 25-45 nm, 10-30 nm, and 10-15
nm for Type A, B, and C events, respectively, while the second
was at 400-600 nm for all event types (Fig. 4d). For Type A, B
and C events, the position of the first peak moved to a smaller
particle size, and the peak concentration of particle numbers
was elevated. The geometric standard deviation (o) for the
nucleation mode, which could be elevated by intense growth
of nucleation mode particles (Alonso-Blanco et al., 2018), was
largest during Type A events at both sites (2.51 for NJU and 5.01
for NUIST). These results confirmed that the strongest particle
growth occurred in Type A events.

2.2. Variations in trace gases, PM; s and meteorological
variables by event types

Table 3 summarizes the average concentrations of trace gases
and PM, s during the daytime for different NPF event types at
the two sites. Clearly, higher concentrations of SO,, NO, and
TVOCs were found at NUIST, implying the influence of the sur-

rounding industrial factories on the site. The lowest concen-
trations were observed during Type A events at both sites for
all species except Os.

As shown in Figs. S4 and S5 in the supplementary ma-
terial, the average diurnal variations in trace gases largely
changed for different event types. O3 exhibited unimodal dis-
tributions, and peaks appeared at 12:00 when the concentra-
tions of nucleation mode particles were highest at both sites.
Sufficient photochemical products were conducive to the for-
mation and growth of particles. The average O; concentration
was highest for Type A events (105.21+23.64 pg/m3 at NJU and
84.92+44.68 ng/m> at NUIST) and lowest for Type C events
(56.09+37.21 pg/m?3 at NJU and 55.54430.76 ug/m> at NUIST,
Table 3), while the average concentration of TVOCs was low-
est for Type A and highest for Type C (Fig. S6). The growth of
particles was limited by the photochemical products related
to O3 (Wang et al., 2015). The lack of photochemical products,
indicated by lower O3, limited the particle growth for atypical
NPF events, thus the continuous banana-shaped growth did
not take place (Types B and C) (Palm et al., 2017). Bimodal diur-
nal variations were observed for CO and NO, with two peaks
at 06:00-09:00 and 17:00-20:00, consistent with rush hour traf-
fic. The concentrations of CO and NO, in Type A events were
lower than those in Type B and C events, indicating that Type
A events could occur in conditions with less human interfer-
ence. Unimodal diurnal variations were observed for SO, with
peaks at 8:00-10:00 at both sites. The relatively similar SO,
concentrations for all event types implied that SO, was not
a key factor differentiating the event types.

Pre-existing particulate matter (PM;s) in the atmosphere
scavenges the condensable gases and thus reduces their con-
centrations (Kanawade et al.,, 2012). As shown in Figs. S4 and
S5, the diurnal variations in PM, 5 were consistent in the same
event types at both sites. The PM, 5 concentration was lowest
with weak diurnal variation in Type A events, and it was fa-
vorable for the growth in particle size. In Type B events, the
maximum and minimum concentrations were found at 9:00
and 12:00, respectively. Moreover, a continuous growth pattern
was found in Type C events during daytime. This growth was
expected to reduce the condensable gas levels and to prevent
particle growth.

As shown in Fig. 5, similar diurnal patterns of meteoro-
logical variables were found at both sites. All the meteoro-
logical variables were recorded by automatic weather station
(CSI-CR1000, Campbell, USA) at both sites. For Type A, B and C
events, the mean values of RH at NJU and NUIST were 53.8%
and 60.7%, 54.3% and 62.0%, and 73.3% and 73.1%, respec-
tively. The mean values of temperature at the two sites were
9.4°C and 24.8°C, 11.0°C and 25.5°C, and 12.2°C and 30.1°C, re-
spectively. The mean values of solar radiation flux at the two
sites were 276.6 W/m? and 487.3 W/m?, 316.6 W/m? and 504.0
W/m?, and 160.7 W/m? and 372.5 W/m?, respectively. The me-
teorological conditions during Type A events were generally
more favorable in aiding particle formation and growth than
those during Type B or C events: lower RH, lower temperature,
and higher solar radiation flux. The favorable meteorological
conditions of Type A events are roughly consistent with a pre-
vious study (Kanawade et al., 2012). Low RH is associated with
strong radiation, and they accelerate the photochemical pro-
duction of the precursors favorable for new particle formation
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Fig. 4 - Size distributions of surface area concentrations (a and c) and aerosol number concentrations (b and d) under

different event types at NJU (left panel) and NUIST (right panel).

Table 3 - Average concentrations of trace gas and PM; 5 during the daytime for different NPF event types at the two sites.

Type PM; 5 (ng/m®) SO, (pg/m?) NO, (ng/m?) 0s (pg/m?) TVOCs (ppbv)
NJU A 30.92+13.28 7.66+2.44 11.78+3.44 105.21+23.64 2.95+2.54

B 39.93+22.41 9.50+4.95 14.55+3.99 81.33+34.27 7.22+7.08

C 39.61+29.21 8.48+3.24 20.46+4.60 56.094+37.21 7.68+5.78
NUIST A 30.80+17.14 13.28+7.94 26.94+16.13 84.92+44.68 12.84+8.72

B 33.10+15.38 17.7946.15 28.42+15.14 81.78+53.28 13.424+4.94

C 32.82+15.04 13.97+4.46 31.1+13.91 55.54+30.76 18.00+7.00

(e.g., sulfuric acid, Mikkonen et al., 2011). Low temperature fa-
cilitated the condensation of low-volatility gases on new par-
ticles, which was conducive to the growth in particle size. As
a result, continuous banana-shaped particle growth was ob-
served during the Type A events.

In summary, the favorable conditions for Type A events
included low relative humidity, low concentrations of pre-
existing particles, and high solar radiation. The favorable con-
ditions of Type B events were similar with to Type A, except for
a higher concentration of pre-existing particles. The favorable
conditions for Type C events were opposite to that of Type A,

with a continuous growth of pre-existing particle concentra-
tion.

2.3.  New particle formation event analysis

2.3.1. Characteristics of the formation and growth rate of par-
ticles during NPF events

The NPF events were found to start from sizes close to 3 nm
and ended with the size ranging from 40 nm to 50 nm at both
sites. Five size bins of 3-10, 10-20, 20-30, 30-40, and 40-50 nm
were defined for the size distributions of particle number con-
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Fig. 5 - Diurnal variations in meteorological elements (temperature (a and b), RH (c and d), wind speed (e and f) and solar
radiation flux (g and h)) for different event types at NJU (left panel) and NUIST (right panel).

centrations at both sites. Based on the GDE method, we ob-
tained J(3 nm, ), J(40 nm, t)» GR(10 nm, ) @1d GRi4o nm, 1) (hereafter Js,
J10, GR1p, and GRyg). The formation rate (J) and growth rate (GR)
of particles are important parameters that characterize the
observed NPF events. They directly affect the number concen-
tration of ambient particles. As summarized in Table 1, J3 ayve
was highest during Type C events (13.9+4.5 cm™ sec™! at NJU
and 26.7+12.8 cm™ sec™! at NUIST), moderate during Type B
events (12.3+3.5 cm™ sec~! at NJU and 10.14+2.7 cm™ sec™! at

NUIST) and lowest during Type A events (7.4+1.4 cm™ sec™?
at NJU and 4.9+1.9 cm™ sec™! at NUIST), i.e., 3 nm particles
formed fastest during Type C events but slowest during Type
A events.

The formation rate of particles with different diameters
could affect the particle size spectrum shape. N(Ds, Dy, t),
CoagSnk(D3, Do, t) and CoagSrc(Ds, Dy, t) depended on time.
Compare with N(D3, Dy, t), the values of CoagSnk(Ds, Dy, t)
and CoagSrc(Ds, Dy, t) were relatively small, and Eq. (1) can
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be written as Nps, pao, i) ~J3,1~ J4o,y- We defined the ratio of
Jao,ave/J3,ave to reflect the variation of number concentration of
small particles (Dp < 40 nm). A higher ratio suggested a weaker
accumulation of small particles and thereby a low number
concentration of particles in the size bin of 3-40 nm. We found
that the average J40 ave/J3,ave Was highest during Type A events
(0.065 and 0.057 at NJU and NUIST, respectively), moderate
during Type B events (0.044 and 0.048 at NJU and NUIST, re-
spectively) and lowest during Type C events (0.018 and 0.005 at
NJU and NUIST, respectively). The results thus indicated that
the occurrence of Type C events was related to the accumula-
tion of small particles, as shown in Fig. 4b and d.

GRipave and GRypave Were calculated at 14.5+4.1 and
8.243.7 nm/hr during Type A events, 13.4+3.8 and 7.4+1.4
nm/hr during Type B events, and 11.44+6.2 and 5.1+1.0 nm/hr
during Type C events at NJU, respectively. The analogs at
NUIST were 21.24+13.0 and 4.942.3 nm/hr, 12.3+6.2 and
3.54+2.3 nm/hr, and 9.3+5.2 and 2.8+0.1 nm/hr, respectively
(Table 1). The factors that affect the growth of particles include
gaseous precursors (e.g., H,SO4 and highly oxygenated or-
ganic molecules) and pre-existing aerosols in the atmosphere
(e.g., PM; 5). When there were sufficient pre-existing large par-
ticles, the gaseous precursors in the atmosphere tended to ac-
cumulate on the surface of the large particles (Anttila et al,,
2010). In addition, the collision of small particles (Dp < 40 nm)
on the surface of large particles could reduce their concentra-
tions (Kerminen et al., 2001). As shown in Table S2 in the sup-
plementary material, the average PM, s concentrations during
Type A events were lowest (28.1 and 28.5 pg/m? at NJU and
NUIST, respectively). The nucleation mode particles were thus
more likely to grow in size than those during Type B and C
events. As discussed in Section 2.1, the distinctly elevated av-
erage fractions of Aitken mode particles may due to the higher
GRs for Type A events.

2.3.2. Relationship between sulfuric acid and particle forma-
tion and growth rates

Fig. 6 illustrates the correlations between J3 and the calculated
sulfuric acid concentrations for different event types at NUIST
and NJU. J3 was found to be positively correlated with the sul-
furic acid proxy in Type A and Type B events, with slopes of
log J3 versus log[H,SO4 proxy] close to 1 at NJU and NUIST. The
slopes of log J3 vs. log[H,SO4 proxy] were close to 0.5 for Type C
events at both sites. Previous studies have pointed out that the
nucleation rate was proportional to the first or second power
of the concentration of gas-phase sulfuric acid, i.e,,] = A -
[HyS04]F, where P was equal to 1 or 2, conventionally inter-
preted as the number of sulfuric acid molecules in the critical
nucleus, and A was a pre-exponential factor (Sihto et al., 2009;
Xiao et al., 2015). The slopes of log J3 versus log[H,SO4 proxy]
for Type A and B events were close to 1, implying collision
limited nucleation (Sipila et al., 2010; Wang et al., 2011). The
slopes of Type C were proportional to the power of the sulfuric
acid proxy of approximately 0.5, suggesting that Type C events
could be explained by activation nucleation (Xiao et al., 2015).
We found that the formation rate of Type C events was fastest
under the same sulfuric acid concentration. Thus, other pre-
cursors (e.g., amines) combine with sulfuric acid to reduce
the energy barrier prior to spontaneous transformation from

gaseous to particle phase in Type C events (Xiao et al., 2015;
Zhang et al., 2015).

A recent study found that anthropogenic aromatics pho-
tooxidation would accelerate the formation or growth of par-
ticles, with or without H,SO4 (Metzger et al., 2010). Fig. S6
in the supplementary material shows the concentrations of
sulfuric acid proxy and TVOCs of different types of events
at the two sites. The average concentration of sulfuric acid
was highest of Type A events (3.54+2.56)x10° cm™ at NJU
and (2.92+2.04)x10® cm™ at NUIST), moderate of Type B
events (3.4942.54)x10% cm™ at NJU and (2.52+1.70)x 10 cm™3
at NUIST) and lowest of Type C events (1.83+2.06)x10° cm™
at NJU and (1.67+1.36)x10® cm™ at NUIST). In contrast, the
highest average concentration of TVOCs was found for Type C
events and the lowest for Type A events. The pattern for J3 zve
was consistent with that of TVOCs. TVOCs can be an indicator
of organic amines and highly oxygenated molecules (HOMs),
thus the highest TVOCs level for Type C events indicated that
those compositions could be potential drivers of the events
(Brean et al., 2020; Zheng et al., 2015).

Based on the above discussion, Type A and B events
were both collision-limited nucleation. The favorable condi-
tion and the banana shape of particle size spectrum for Type
A events indicate they were most likely to be the regional
events that usually occurred in relatively clean atmosphere
(Kanawade et al., 2012). The favorable condition of Type B
events was similar to that of Type A, except for the high con-
centration of PM,s. Part of nucleation mode particles grew
into the Aitken mode in Type B events, which was similar
to the “suppressed events” defined by Chen et al. (2017). The
anthropogenic sources largely influenced Type C events, indi-
cated by the high level of TVOCs. The particles might be gener-
ated resulting from the reduced energy barriers (note the slope
between log J3 and 1og[H»SO4,proxy] around 0.5). The high for-
mation rate, low growth rate, and long duration indicated Type
C events were like “local events” (Kivekas et al., 2016; Dai et al.,
2017).

The particle growth rates (GRs) were calculated for each
event day by particle size bin, as summarized in Table 1.
The mean growth rates of 10-nm particles were 15.7+9.3 and
17.1+11.5 nm/hr at NJU and NUIST, respectively. Our obser-
vations were consistent with another campaign in Beijing
(Wang et al., 2013b), in which the GRs were reported to be
higher at an urban site (PKU, 4.6 nm/hr) than at a nearby clean
site (SDZ, 3.7 nm/hr) in the fall. The abundance of condensable
vapor, including sulfuric acid and oxidation products of VOCs,
was expected to accelerate particle growth.

The growth of newly formed particles can be partially at-
tributed to condensation of sulfuric acid. We calculated the
concentrations of sulfuric acid required for 1 nm/hr growth
(CGr=1nm/hr, H2504) ©f 10nmM and 40 nm particles with Eq. (4) and
estimated the contributions of sulfuric acid in the air to the
growth rate of 10 nm and 40 nm particles with Eq. (5). Table
S3 summarizes the contribution rates of sulfuric acid to 10
and 40 nm particles (CRyo and CRyg, respectively). The average
CRyp for Type A events was 0.25+0.05 and 0.25+0.24 at NJU and
NUIST, while that for Type C was 0.39+0.16 and 0.28+0.12 at
NJU and NUIST, respectively. The lower CR,q for Type A events
compared with that for Type C events at both sites implied
that other precursors contributed more to particle growth dur-
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Fig. 6 - Correlations between log J3 and log[H2S04 proxy] for Type A, B and C events at NJU (a) and NUIST (b). Symbol colors

indicate the mixing ratio of TVOCs.

ing a typical NPF event. In contrast, the CRyy Was smaller for
Type C events (4%+1% at NJU and 8%=+1% at NUIST) and larger
for Type A events (10%+2% at NJU and 16%+2% at NUIST). The
CR4o was lower than the CRy for all three types of events, sug-
gesting that the growth of 40 nm particles was less influenced
by sulfuric acid than that of 10 nm particles.

3. Conclusions

Three types of NPF events were observed based on two cam-
paigns at a suburban and an industrial site in Nanjing. We
found that the proportion of Aitken mode particles at the
NJU and NUIST sites increased by 13% and 18% during Type
A events, respectively, while it did not change significantly
during Type B and C events. The results suggest that Type A
events contribute significantly to the fine particle concentra-
tion in the atmosphere. High solar radiation flux and low RH,
temperature, and PM, s level were identified as favorable con-
dition for Type A events. The favorable condition of Type B
events was similar to Type A, except for the stable high con-
centration of PM, 5. The favorable meteorological condition of
Type C events was opposite to that of Type A. The PM, s level
of Type C events was higher than that of Type A, with a con-
tinuous growth during the daytime. The average J; was lowest
for Type A events (7.4+1.4 cm™ sec™! at NJU and 4.9+41.9 cm™3
sec~! at NUIST) and highest for Type C events (13.9+4.5 cm™
sec ! at NJU and 26.7+12.8 cm™3 sec~! at NUSIT). In contrast,
the average concentration of sulfuric acid was highest for Type
A (3.54+2.56)x10° cm™ at NJU and (2.92+2.04)x10 cm™ at
NUSIT) and lowest for Type C (1.834:2.06)x10% cm™ at NJU and
(1.67+1.36)x10° cm™ at NUIST). The different slopes of log J3
vs. log[H,S04 proxy] among event types indicate that collision-
limited nucleation was the dominant mechanism for Type A

and B events and that activation nucleation was the dominant
mechanism for Type C events. The lowest GRjp was found for
Type C and the highest for Type A at the both sites. The CRyg of
sulfur acid was lowest for Type A events (25%=+5% at NJU and
25%+24% at NUIST), implying a larger contribution of other
precursors conducive to particle growth in typical NPF events.
For aerosol pollution control, therefore, a crucial step is to slow
the formation rate of particles by reducing SO, emissions, as
SO, is an important precursor of sulfuric acid. Limiting other
gaseous species (e.g., VOCs) could be effective for preventing
the ultrafine particles from growing into larger ones.
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