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Abstract: The new particle formation (NPF) process is a significant source of atmospheric secondary
particles, which has remarkable impacts on the regional air quality and global radiative forcing. Most
NPF studies conduct their measurements at a single site, which can hardly provide information
about the regionality of NPF events at large scales (>100 km). During the 2022 Winter Olympic
and Paralympic Games, simultaneous measurements of particle number size distributions and NPF-
associated precursors were conducted at a mountainous site close to the Winter Olympic Village
in Chongli (CL), Zhangjiakou, and an urban site in Beijing (BJ) located 150 km southeast of the
CL site. High NPF frequencies were observed at the CL (50%) and BJ (52%) sites; however, the
fraction of concurrent NPF events was smaller than the results in other regions. In addition, the
wind distributions exhibited distinct air mass origins at the two sites during the concurrent NPF
events. Compared with the BJ site, the NPF growth rates were higher at the CL site due to higher
levels of volatile organic compounds (VOCs) and radiation. Surprisingly, the formation rates at the
CL site were lower than at the BJ site, even with a higher sulfuric acid concentration and lower CS,
which may be attributed to lower dimethylamine concentrations in the mountainous area. This study
reveals that, although NPF events are commonly thought to occur on regional scales, their intensity
and mechanisms may have significant spatial inhomogeneity. Further studies are required to reduce
the uncertainty when expanding the mechanisms based on the urban conditions to regional or global
scales in the models.

Keywords: new particle formation; formation rate; sulfuric acid; ammonia; condensation sink; urban
atmosphere; spatial distribution

1. Introduction

Atmospheric new particle formation (NPF) is an essential source of secondary aerosol
particles, which have significant impacts on the regional air quality [1] and global cli-
mate [2]. During the NPF process, gaseous precursors, such as sulfuric acid (SA), ammonia,
and amines (e.g., dimethylamine), nucleate and form around 1 nm clusters. The clus-
ters then grow into larger particles by condensing low-volatile vapors produced by the
oxidation of volatile organic compounds (VOCs) [3,4]. The NPF process can influence
the aerosol indirective radiative forcing through, enhancing the number concentration of
cloud condensation nuclei (CCN) by a factor of 3.6 ± 1.2, and the enhancement factor is
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higher in anthropogenic source-influencing atmospheres, such as in urban areas, than in
remote forest areas [5]. The efficient nucleation and continuous particle growth in the urban
atmosphere can also cause haze events and damage visibility and human health [1,6,7]. To
precisely simulate the environmental impacts of NPF events, numerous field measurements
have been conducted all over the world [8–11]. These measurements tried to establish the
NPF mechanisms, i.e., the relationships between NPF parameters, e.g., particle formation
rates (J) and growth rates (GR), and levels of NPF precursors and sinks. Additionally,
the atmospheric box models equipped with these mechanisms can reproduce the NPF
process at the urban atmospheric sites [12,13]. However, the NPF mechanisms based on the
field measurements at a single site may be not applicable to other environments in same
region. For example, the SA–dimethylamine clustering nucleation mechanisms established
based on laboratory experiments [14] and field measurements in the urban atmosphere of
China [15,16] cannot explain the high nucleation rates when applied to the rural atmosphere
of the North China Plain.

Investigations were conducted focusing on the regional characteristics of the NPF
process. Based on the air mass trajectory analysis, Shen et al. (2018) and Zhou et al. (2021)
believed that NPF could occur at a horizontal scale over hundreds of kilometers in north-
ern China [17,18]. Simultaneous NPF measurements at multiple ground-level sites were
conducted in areas of the North China Plain [18,19], North America [20], Europe [21,22],
and the Mediterranean Sea [23,24]. These studies revealed that many NPF events were
concurrent at sites with a distance of 70–1100 km when the air masses arriving at the
sites shared similar origins. All the multi-site measurements presented the differences in
J and GR between places in the same region with different environmental characteristics;
however, the mechanism investigation based on the precursor data was lacking.

In this study, a two-site measurement is conducted in the winter of 2022 in Beijing and
its surrounding area to compare the characteristics of NPF events in urban and mountainous
atmospheres. Particle number size distribution (PNSD), as well as concentrations of gaseous
precursors, such as SO2, NH3, VOCs, etc., are monitored simultaneously at the two sites,
and the NPF mechanisms are analyzed with the help of a box model simulation.

2. Materials and Methods
2.1. Measurement Sites

The measurements were conducted simultaneously at two sites 150 km apart—an
urban site in Beijing (BJ) and a mountainous site in Chongli (CL) (Figure 1).
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The urban measurements were conducted at the PeKing University Urban Atmosphere
Environment MonitoRing Station (PKUERS), hereafter called the BJ site (39◦59′21′′ N,
116◦18′25′′ E, 60 m a.s.l.). This site can be taken as a typical urban site in Beijing. It was
located in a populated area with no industrial emissions or coal combustion sources, and
the main local anthropogenic source was traffic emissions from the main road 150 m away.

The mountainous CL site was located in the Chongli Youth Extracurricular Activity
Center (40◦58′47′′ N, 115◦17′25′′ E, 1250 m a.s.l.), Zhangjiakou. This site was located around
15 km northwest of the Winter Olympic Village, 150 km northwest of the BJ site, and 40 km
northeast of the urban area of Zhangjiakou City. Surrounding the site was the area of the
Yanshan mountains, 20 km around, making the CL site a typical mountainous site near
Beijing. Out of the “no coal zone” of Beijing, coal combustion for residential warming is
allowed in the local municipality and can have an influence on this site [25].

The observation was performed from 30 January to 14 March 2022, which covered the
duration of the Winter Olympic and the Paralympic Games. Within this period, heavy-duty
truck (rated load capacity > 4 tons) was forbidden within the 6th Ring Road in Beijing and
close to the Chongli Olympic venues. In addition, temporary control measures were also
taken for factories with high-pollutant emissions around Beijing.

2.2. Data Collections

PNSD, the concentration of gaseous precursors, and meteorological conditions were
measured at both sites to characterize the NPF events.

Two sets of size mobility particle sizers (SMPSs, TSI. Inc., Shoreview, MN, USA) were
used to measure atmospheric PNSD for size ranges of 3–60 and 60–800 nm, respectively.
The sample air was dried (RH < 30%) with a Nafion dryer (Halma plc., Nottingham,
UK) and then passed an X-ray neutralizer to obtain the known size-resolved particle
charge distribution. Through a differential mobility analyzer (models 3085 and 3081),
mono-dispersed particles with different diameters were determined and then counted by
a condensed particle counter (CPC 3776 and CPC 3775). The PNSDs were also corrected
due to diffusion loss in the sampling path and multiple charging in the neutralizer [26]. A
tapered element oscillating microbalance (TEOM, 1400a, Thermo, Waltham, MA, USA) was
used to measure the mass concentration of PM2.5.

Gaseous pollutants, including SO2, NOx, and O3, were monitored by commercial
instruments from the Thermo Electron Corporation (Model 43i-TLE, 42i-TLE and 49i). In
addition, ammonia was measured by a cavity ring-down spectroscopy instrument (Picarro,
G1103, Santa Clara, CA, USA). In total, 99 species of VOCs, including alkanes, alkenes, ben-
zene series, etc., were measured by an online gas chromatography and mass spectrometer.

Temperature, relative humidity (RH) at both sites, and wind profiles at BJ site were
measured by automatic meteorological stations (Met one Instrument Inc., Grants Pass, OR,
USA). Hourly average ultraviolet radiation-B (UVB) data were downloaded from the NASA
website, https://power.larc.nasa.gov/data-access-viewer/ (accessed on 5 May 2023). The
hourly wind speed and wind direction data at over 50 meteorological monitoring sites
around the BJ and CL sites were obtained from the China Meteorological Administration
to analyze the regional wind distribution.

2.3. NPF Parameterizations

The NPF events were identified based on the PNSD data when the number concen-
tration of 3–10 nm particles (PN3-10) increased sharply during the day, and the diameter
of these nanoparticles exhibited a continuously growing trend [27,28]. The threshold of
particle number concentration was different (>104 cm−3 at the BJ site and >5000 cm−3 at the
CL site) at the two sites, due to the difference in the background levels. When calculating
and comparing the daily levels of parameters, the data were obtained within the first 2 h
after the start of the NPF events on NPF days, and during 10:00–12:00 (which covered the
occurrence time of NPF events on NPF days) on non-NPF days.

https://power.larc.nasa.gov/data-access-viewer/
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During the NPF events, the formation rate of 3–25 nm particles could indicate how
fast the nano-sized particles were formed, and was quantified in this study based on the
method from Dal Maso et al. (2005) [29]:

J3–25 =
dN3–25

dt
+ N3–25 · CoagS8 (1)

N3−25 represents the number concentration of 3–25 nm particles; CoagS8 is the coagu-
lation rate of particles with a diameter of 8 nm, which is the geometric mean of the 3–25 nm
size range:

CoagS
(

Dp
)
=
∫

K
(

Dp, D′p
)

n
(

D′p
)

d
(

D′p
)

(2)

where n
(

D′p
)

is the number concentration of particles with a size of D′p; K
(

Dp, D′p
)

is the

coagulation coefficient between Dp and D′p particles, calculated based on the diameters
and diffusivities of particles and the Fuchs correction factor. The number concentrations of
particles that grew larger than 25 nm were not considered since they were very low during
the nucleation events.

To obtain the GRs of newly formed particles during the NPF events, the PNSD data
were first fitted as the sum of two or three mode lognormal distributions, including the
newly formed mode. Then, the GR for each NPF event was calculated as the increase in the
median diameter of the newly formed mode per unit of time.

The background particles could also serve as the condensation sink and limit the
condensable NPF precursors’ levels. This condensation sink (CS) was quantified as the
condensing loss rate of gas vapors on the particle surface:

CS = 2πD∑i β·Di · Ni (3)

where D is the diffusion coefficient of the condensable vapor, e.g., SA, β the transitional
regime correction factor, and Di and Ni are the diameter and number concentration of the
particles in class i.

The SA in the atmosphere is produced by the oxidation of SO2 [30,31] and is the
most important NPF precursor in urban and rural atmospheres [32,33]. The molecular
concentration of SA was calculated based on the proxy formula from Lu et al. (2019) with
SO2, CS, UVB, O3, and NOx [34].

The acid-base nucleation between sulfuric acid and dimethylamine (DMA) was re-
ported to dominate the 1 nm particle nucleation process in the urban atmosphere in
China [15,16]. In this study, the SA-DMA nucleation rates at both sites were simulated
in an atmospherically relevant chemistry and aerosol (ARCA) box model based on the
atmospheric cluster dynamic codes (ACDCs) [35]. The ARCA box model was developed
based on the Fortran language, and the user interaction interface was built using Python. It
can simulate the atmospheric NPF process with detailed chemistry and aerosol dynamics.
In the ARCA model, the temperature, RH, CS, and concentrations of SA and DMA were
input every 10 s, and the collision, clustering, evaporation, and coagulation of SA-DMA
clusters were simulated in ACDCs. The DMA in the atmosphere mainly originated from
agricultural processes and urban septic systems [36,37], and its concentration ranged from
ppt to tens of ppts [38,39]. In this study, the level of DMA was estimated based on a
[DMA]/[NH3] ratio of 10−3, according to a measurement study on the Yangtze River
Delta [40]. The clusters with a diameter larger than 1.45 nm (mobility diameter) were stable
clusters that could grow to larger sizes. The cluster evaporation rates were obtained from
the quantum chemical data calculated at the DLPNO–CCSD(T)/aug-cc-pVTZ level [41].

3. Results
3.1. Meteorological Conditions Associated with NPF

The meteorological condition at the CL site was more favorable to the occurrence of
NPF events than at the BJ site. According to previous studies, the atmospheric nucleation
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process requires a lower temperature and background aerosol loading [11,28]. Figure 2
shows the time series of the meteorological parameters and pollutants at the two sites.
Due to the higher altitude, the temperature (−5.2 ± 8.8 ◦C) at the CL site was lower than
(3.8 ± 6.5 ◦C) at the BJ site (Figure 2a), which could weaken the cluster evaporation process
and assist the nucleation process [42,43]. The RH at the CL site was 47 ± 19%, higher than
the 26 ± 14% at the BJ site (Figure 2b), which may have favored the uptake of pollutants
on the particle surface and then enhanced the heterogeneous reactions during particle
growth [44,45]. The PM2.5 at the BJ site (27.5 ± 29.3 µg m−3) was around twice as much
as that at the CL site (14.0 ± 13.3 µg m−3) (Figure 2d). The worse air quality at the BJ site
may be attributed to the stronger influence from the polluted air mass from the southern
region. Previous studies showed that severe haze events in the atmosphere of Beijing
were commonly caused by the stagnant meteorological conditions and air masses from the
southern regions of Hebei province [46,47]. It can be observed that the higher PM2.5 levels
are often associated with the lower wind speed (<3 m/s) from the south. Located in the
Yanshan mountainous area, the CL site had a minor influence from the southern air mass,
which led to less transported pollutants in the local atmosphere. With a lower aerosol load
in the atmosphere, the CS at the CL site was (0.0035 ± 0.0024 s−1) lower than at the BJ site
(0.0046± 0.0016 s−1), which could benefit the NPF occurrence. The CS in the atmosphere of
Beijing during the winter of 2022 was lower than the results from the studies on the winter
periods in 2019 and 2020 [28], which may be attributed to the emission control during the
Olympic Games.
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3.2. Different Characteristics of NPF at the Two Sites

The condition of gaseous pollutants was also more favorable to the NPF occurrence
at the CL site. NOx is a limiting factor of NPF since it can react with RO2 radicals and
restrain the formation of low volatile organic dimers [48,49]. With heavier traffic, the levels
of NOx (Figure 2e) were higher at the BJ site than at the CL site. Surprisingly, the level of
SO2 at the CL site (2.2 ± 0.6 ppb) was slightly higher than that at the BJ site (1.9 ± 1.0 ppb)
(Figure 2f), indicating the greater influence of coal combustion in Chongli. As a result, the
calculated daily concentration of SA was also higher at the CL site (Figure 3a), showing a
more vigorous nucleation intensity. Gaseous NH3 is important in acid-base nucleation and
particle growth in the atmosphere [50–52] and exhibits higher concentrations in the urban
area. However, it should be noticed that, at noon each day, the levels of NH3 at the two
sites were closer compared with other periods (Figure 3b).

Based on the analysis of the meteorological conditions and gaseous pollutants, more
frequent and stronger NPF events were expected at the CL site compared to the BJ site.
However, the observed NPF frequency at the CL site was similar to the BJ site. Figure 3
shows the PNSD measurements at the two sites. At the CL site, 20 out of 40 measurement
days were sorted as NPF days, with a frequency of 50%. The PNSD data on 24, 25, and
26 February, and 7 March at the CL site were missing due to an instrument malfunction. At
the BJ site, 23 NPF events were observed during 44 measurement days, with a frequency of
52%. The NPF frequency in this study was similar to other studies performed in Beijing.
A long-term study of NPF occurrence at the BJ site determined that the frequency of
NPF events during winter in Beijing was within 35–55% [28]. The two-site measurement
conducted by Zhou et al. (2021) in the summer in Beijing also found a similar frequency
(around 50%) between the urban and mountainous atmospheres, and most of the NPF
events were observed at both sites [18]. At 9 days, the NPF events were observed at
both sites, and the differences in the start times were within two hours. The fractions of
concurrent NPF events among all NPF events at both sites were 44%, which was lower
than many other two-site NPF measurement results (45–75%) (t-test, p = 0.03) (Table 1),
indicating the more significant discrepancy between NPF mechanisms at the BJ and CL
sites. A study performed in the Eastern Mediterranean by Kalkavouras et al. [53] reported
a concurrent NPF event fraction of less than 1/3, and most of the simultaneous NPF events
were observed in spring and fall under lower CS and higher SO2 levels compared to the
non-common events. However, the CS and proxy SA levels on the concurrent NPF event
days in this study were not significantly different from other NPF days (Table 2) (p > 0.05).

The formation rate J at the CL site was lower than at the BJ site; however, the GR
was higher. As shown in Table 2, the mean level J3-25 at the CL site is 0.9 ± 0.5 cm−3 s−1,
around one-fourth of J3-25 at the BJ site (3.5± 1.4 cm−3 s−1). According to the other two-site
studies (Table 1) and a global statistical analysis [8], the formation rates of nucleation
mode particles are commonly higher in urban atmospheres than in remote ones due to
higher levels of SO2 and other precursors emitted by anthropogenic activities. The SO2
concentration was higher at the CL site than at the urban BJ site, indicating the influence
of other anthropogenic precursors. On the other hand, the GR at the CL site was higher
than at the BJ site. The inverse relationship between the J and GR at the two sites is rarely
reported by previous studies (Table 1). As suggested by the experiments and models, SA,
ammonia, and amine were the dominant precursors in the nucleation process [15,52,54].
At the same time, low volatile organics, such as highly oxygenated molecules (HOMs)
produced by VOC oxidation, may play an essential role in particle growth [6,55–59]. Thus,
the growth precursor level should be higher at the CL site (Section 3.3).
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The impacts of NPF events on particle number concentrations also differed between
the two sites. As shown in Figure 4a, at the BJ site, the formation rate on NPF days shows a
higher value in the morning, and there is a background value range from 0.1–1 cm−3 s−1 in
other periods, probably due to primary emissions and transport [60]. A similar pattern was
also observed at the CL site on NPF days; however, the absolute value was even less than
the background level at the BJ site on non-NPF days. As a result, the number concentration
of nucleation mode particles (PN3-25) at the BJ site was around three-times higher than at
the CL site. For Aitken-mode (25–100 nm) particle number concentration (PN25-100), the
levels were lower on NPF days at the BJ site compared with non-NPF days but increased to
a similar level at around 19:00 through particle growth. However, the variation in PN25-100
was similar between NPF and non-NPF days at the CL site, showing two peaks during
morning and night rush hours, indicating that the contribution from NPF events was not
significant compared to traffic sources.
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Table 1. The statistics from two-site NPF measurement studies. For studies including more than two sites, the site pairs with a higher consistency in NPF occurrence
were picked. “NPF freq” represents the NPF frequency and “C-NPF freq” is calculated as the fraction of concurrent NPF events among the total NPF events observed
at the two sites.

Region Date Distance
(km)

Type (Sites 1–2) Size Range
(nm)

C-NPF
Freq (%)

NPF Freq (%) J (cm−3 s−1) GR (nm h−1) CS (10−3 s−1)
Reference

Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2

Beijing, China 2022/01–2022/03 150 Urban–Mountain 3–800 44 52 50 3.5 ± 1.4 0.9 ± 0.5 1.9 ± 0.9 3.2 ± 1.3 4.6 ± 1.6 3.5 ± 2.4 This Study
Beijing, China 2019/06–2019/07 80 Urban–Mountain 7–800 75 48 52 5.7 ± 2.3 1.0 ± 0.6 9.0 ± 2.7 7.3 ± 1.6 21 ± 11 14 ± 9 [18]
Beijing, China 2008/03–2008/11 120 Urban–Regional 3–800 66 38 39 10.8 4.9 5.2 ± 2.2 4.0 ± 1.7 27 ± 21 20 ± 20 [19]

Toronto, Canada 2007/05–2008/05 80 Urban–Rural 10–560 ~100 * 23 40 - - - - 10.3 ± 0.6 3.2 ± 0.3 [20]

Carpathian Basin 2008/11–2009/11
2012/01–2013/01 71 Urban–Forest 6–1000 62 26 35 4.2 ± 2.5 1.9 ± 1.5 7.7 ± 2.4 4.8 ± 2.3 7.9 6.6 [21]

Mediterranean Sea 2015/01–2019/12 225 Urban–Coastal 10–800 45 25 9 3.3 ± 3.1 2.4 ± 1.8 7.5 ± 3.3 6.1 ± 2.3 10 ± 6 7 ± 3 [61]

Mediterranean Sea 2015/08–2016/08
2017/02–2018/02 340 Urban–Coastal 10–487 26 21 19 1.6 ± 1.3 0.9 ± 0.9 4.2 ± 2.1 5.8 ± 3.9 7.3 ± 3.6 32 ± 31 [53]

Mediterranean Sea 2017/02–2017/07 1100 Urban–Coastal 10–487 57 40 23 2.1 ± 1.1 1.9 ± 1.3 6.7 ± 3.4 5.8 ± 2.0 7.9 ± 2.1 6.4 ± 1.4 [23]
Finland 2013/01–2014/12 300 Forest–Forest 3–700 - 9 26 0.9 ± 0.9 0.2 ± 0.1 2.5 ± 1.9 1.8 ± 0.9 2.8 ± 2.3 0.8 ± 0.6 [22]

* NPF events at the urban site were often observed simultaneously at the rural site.

Table 2. The start time, formation rate, growth rate, and CS of NPF events measured at BJ and CL sites.

Date Start Time J3–25 (cm−3 s−1) GR (nm h−1) CS (10−3 s−1) SA (106 cm−3) Date Start Time J3–25 (cm−3 s−1) GR (nm h−1) CS (10−3 s−1) SA (106 cm−3)

YYYYMMDD BJ CL BJ CL BJ CL BJ CL BJ CL YYYYMMDD BJ CL BJ CL BJ CL BJ CL BJ CL

20220131 11:00 11:00 3.8 1.2 0.8 3.9 3.8 2.4 9.5 12.3 20220221 10:00 10:00 1.3 0.9 2.4 4.5 5.9 1.9 10 14.5
20220201 9:00 4.6 2.2 3.3 9.6 20220222 10:00 5.3 1.7 6 11.8
20220202 9:00 10:00 2 0.5 1.3 2 7.2 2.9 9.8 13.9 20220223 9:00 1.2 6.8 2.8 13.7
20220203 9:00 4 1.2 2.6 9.7 20220226 9:00 4.1 2.7 3.4 10
20220204 9:00 3.8 0.9 3.5 10.4 20220227 11:00 1 2.1 2.7 13.6
20220205 9:00 3.6 1 3.2 10.6 20220301 9:00 9:00 3.1 0.6 2.3 2.3 2.9 2.4 9.7 12.3
20220206 9:00 11:00 3 0.4 1.1 3.8 2.3 10.3 14.7 20220302 11:00 10:00 5 1.5 1.6 4.1 5.7 3 11.4 12.7
20220207 10:00 12:00 2.1 0.4 1.9 5.9 1.9 9.5 14.6 20220303 * 10:00 0.5 1.5 - -
20220208 10:30 1.3 3.5 2.2 14.3 20220304 * 11:00 13:30 5.2 0.3 1.2 1.8 3.1 - 10 -
20220212 11:30 0.9 3 4 14.3 20220305 * 9:00 12:00 2.9 0.2 2.3 2.8 2 - 10 -
20220214 9:00 6.6 1 4.3 9.2 20220307 10:00 4.4 2.2 6.4 11.1
20220215 9:00 1.1 4.8 5.5 8.6 20220308 11:00 1.2 1.4 5.6 15
20220216 10:00 4.9 1.3 6.3 9.9 20220310 12:00 2.5 3.5 10.7 17.9
20220218 14:30 9:00 1.6 0.8 3.3 3.5 5.1 1.6 7.5 13.2 20220312 12:00 0.7 1.4 8.1 14.4
20220219 9:00 3 1.6 4.4 10.6 20220314 11:30 11:30 3.6 0.4 2 2.5 2.7 2.7 9.6 12.3

20220220 11:00 11:00 1.7 1.6 2.3 4.4 7.8 2.7 9.3 14.8 mean 9.9±
1.3

10.8 ±
1.2

3.5 ±
1.4

0.9 ±
0.5

1.9 ±
0.9

3.2 ±
1.3

4.6 ±
1.6

3.5 ±
2.4

9.9 ±
0.9

14 ±
1.3

* Days without valid PNSD data for >60 nm particles at the CL site. On these days, NPF events at the CL site can be identified and GR can be calculated with 3–60 nm PNSD data;
however, the CS and coagulation sink cannot be calculated, and the J3-25 is underestimated.
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3.3. Inhomogeneity of NPF Mechanisms at the Two Sites

To investigate the explanation of the lower J and higher GR values at the CL site
compared to the BJ site, the mechanisms of NPF events at the BJ and CL sites were analyzed
by comparing the level of precursors.

A low CS value is commonly considered as a crucial factor for NPF occurrence [28,62],
which can lead to a higher production rate of SA dimers and stable clusters [15,16] during
nucleation. The CS at the BJ site on NPF days was one-fourth compared to non-NPF
days. At the CL site, the CS showed a decreasing trend in the morning when NPF started;
however, the diurnal variation was similar between NPF and non-NPF days (Figure 5a).
Surprisingly, the CS level at the CL site on non-NPF days was even lower than CS on NPF
days at the BJ site, indicating that the occurrence of NPF and the formation rate at the CL
site was limited by source factors. SO2 on NPF days was lower than on non-NPF days
(Figure 5b), which was consistent with the other measurements performed in Beijing [28,63].
The calculated SA concentration showed no apparent difference between NPF and non-NPF
days at both sites (Figure 5c), indicating that SA was not the limiting factor for NPF events.
The concentration of NH3 was not the limiting factor for J at the CL site either because its
levels at the CL site were similar on NPF and non-NPF days and were higher than that on
NPF days at the BJ site. Figure 6a shows the CS and SA levels on individual days at the BJ
and CL sites. There was a clear gap at CS = 0.01 s−1, separating NPF and non-NPF days for
the data for the BJ site. However, the circles for NPF and non-NPF days mixed at the CL
site, indicating some unknown factors limiting the NPF occurrence.

Atmosphere 2023, 14, x FOR PEER REVIEW 11 of 16 
 

 

should not use a constant [DMA]/[NH3] ratio when simulating DMA concentrations as 
well as the SA-DMA nucleation rates. 

The reason for a higher GR at the CL site was relatively apparent when examining 
the potential productivity of low volatile organic vapors. Both biogenic (e.g., isoprene in 
Figure 5e) and anthropogenic (e.g., 1,2,4-Trimethylbenzene in Figure 5f) VOCs showed 
higher values in the morning during NPF days at the CL site compared to the BJ site. 
Considering that the radiation (Figure 5g) was more intense at the CL site, and NOx (act-
ing as a restriction factor, as mentioned in Section 3.1) levels were close between the two 
sites, there should have been a higher level of oxidized and condensable organic vapors 
at the CL site, contributing to the faster particle growth. 

 
Figure 5. The diurnal variations in (a) CS, (b) SO2, (c) SA, (d) NH3, (e) isoprene, (f) 1,2,4-
Trimethylbenzene (124TMB), (g) UVB, and (h) NOx on NPF (dark color) and non-NPF (light color) 
days at BJ (red) and CL (blue) sites. Median values were calculated over the days. 

 
Figure 6. The comparison between NPF (solid circles) and non-NPF (hollow circles) days at BJ 
(red) and CL (blue) sites. (a) Relationship between CS and SA, (b) relationship between J1.45 simu-
lated by the ARCA model ([DMA] = 10−3 × [NH3] at both sites), and J3 calculated based on meas-
urements, (c) the same for (b), except that [DMA] = 10−4 × [NH3] at the CL site. 

3.4. Influence of Wind Distribution 
The discrepancy in the characteristics and mechanisms of NPF events at the BJ and 

CL sites may be attributed to the inhomogeneity of air mass origins. According to the 
studies on regional NPF events, when controlled by air masses with similar origins, NPF 
events can coincide at multiple measurement sites, and NPF-associated parameter levels 

Figure 5. The diurnal variations in (a) CS, (b) SO2, (c) SA, (d) NH3, (e) isoprene, (f) 1,2,4-
Trimethylbenzene (124TMB), (g) UVB, and (h) NOx on NPF (dark color) and non-NPF (light color)
days at BJ (red) and CL (blue) sites. Median values were calculated over the days.

To quantify the synergetic effects from the cluster formation and CS restriction on
NPF events, the SA-DMA nucleation rates at 1.45 nm (J1.45) were simulated at both sites
throughout the measurement period with ACDC implemented in the ARCA box model.
The relationship between measured J3 and simulated J1.45 is shown in Figure 6b. The
associated particle sizes were not unified for measured (3 nm) and simulated (1.45 nm)
formation rates because extrapolating J3 to J1.45 or the other way around would introduce
considerable uncertainty due to the absence of GR within 1–3 nm [64], especially in the
urban atmosphere. Surprisingly, the simulated J1.45 showed a similar variation range
between NPF and non-NPF days at both BJ and CL sites, despite their distinction in J3. This
result indicates that NPF occurrence at both sites is decided by the 1–3 nm growth process.
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To be monitored by SMPS, the newly formed particles need to grow rapidly from 1 to 3 nm,
overcoming the coagulation loss on the surface of large particles. At the BJ site, the higher
level of CS on non-NPF days could lead to a considerable coagulation loss of particles
within the size range of 1–3 nm, limiting the concentration of “survived” 3 nm particles. At
the CL site, the CS levels were similar between NPF and non-NPF days, indicating that
the growth rates may have play more important roles. The 1–3 nm growth at the CL site
mainly occurred at 9:00–13:00. During this period, the levels of UVB and NH3 were higher,
and the level of NOx was lower on NPF days at the CL site, indicating the more intensive
condensation growth from oxidized organics [48] and HNO3-NH3 [51].
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In addition, the simulated J1.45 was higher at the CL site than at the BJ site, opposite to
the measured J3. The reason may have been the [DMA]/[NH3] ratio discrepancy between
the urban and mountainous atmospheres. Residential DMA sources [65], such as septic sys-
tems [36], have more than an order of magnitude higher [DMA]/[NH3] ratios (10−2–10−4)
than farming sources (10−5) [66]. In addition, DMA is more reactive than ammonia in
the atmosphere [37]; therefore, its concentration may be reduced rapidly compared to
ammonia during transport. Thus, in the remote area with a low population and the absence
of agricultural activity, such as the CL site, the [DMA]/[NH3] ratio may be much lower
than in the urban atmosphere. A test run was performed, reducing [DMA]/[NH3] to 10−4

at the CL site, which was one-tenth of the ratio at the BJ site. The results show a lower
J1.45 nm at the CL than at the BJ site. This result indicates that models should not use a
constant [DMA]/[NH3] ratio when simulating DMA concentrations as well as the SA-DMA
nucleation rates.

The reason for a higher GR at the CL site was relatively apparent when examining
the potential productivity of low volatile organic vapors. Both biogenic (e.g., isoprene in
Figure 5e) and anthropogenic (e.g., 1,2,4-Trimethylbenzene in Figure 5f) VOCs showed
higher values in the morning during NPF days at the CL site compared to the BJ site.
Considering that the radiation (Figure 5g) was more intense at the CL site, and NOx (acting
as a restriction factor, as mentioned in Section 3.1) levels were close between the two sites,
there should have been a higher level of oxidized and condensable organic vapors at the
CL site, contributing to the faster particle growth.

3.4. Influence of Wind Distribution

The discrepancy in the characteristics and mechanisms of NPF events at the BJ and CL
sites may be attributed to the inhomogeneity of air mass origins. According to the studies
on regional NPF events, when controlled by air masses with similar origins, NPF events can
coincide at multiple measurement sites, and NPF-associated parameter levels can exhibit
consistent variations [18,19,24]. This study analyzed the regional wind distribution on
three days (21 February, 1 March, and 14 March) when the NPF events observed at the two
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sites occurred simultaneously. As shown in Figures 7 and S1, around the occurrence of NPF
events, the CL site was controlled by the north and west winds, while the southerly wind
controlled the BJ site. Thus, sources in different regions influenced the precursor levels at
the two sites, leading to an inhomogeneity of NPF mechanisms. This finding emphasizes
that, although NPF can sometimes be observed in two sites far apart, it does not guarantee
that the NPF can occur in the whole region between them or that the NPF values at the
two sites share the same mechanisms. Thus, the researchers must be careful about the
spatial distribution of sources and air mass movement when simulating the NPF process at
regional levels.
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4. Conclusions

New particle formation events and the associated atmospheric parameters (tempera-
ture, RH, SO2, NOx, NH3, VOCs, etc.) were measured during the 2022 Winter Olympic
and Paralympic Games at an urban BJ site (60 m a.m.s.l) and a mountainous CL site
(1250 m a.m.s.l) in Beijing and their surrounding areas. Due to this region’s traffic and
industry emission control, the CS level was lower than that during previous years, and a
high NPF frequency (~50%) was observed at both sites.

With a horizontal distance of 150 km, the NPF events observed at the two sites showed
different characteristics. In all NPF events, the fraction of concurrent NPF events observed
at both sites was lower than the results from studies performed in other regions. With
higher SA, VOC, and NH3 levels and lower CS levels, the growth rates were higher at the
CL site than at the BJ site; however, the formation rates were surprisingly lower at the CL
site. Assuming [DMA] = (10−3~10−4) × [NH3], the nucleation rate J1.45 was simulated in
the ARCA box model with ACDCs. At both sites, J1.45 did not show a difference between
NPF and non-NPF days, indicating that the 1–3 nm growth process was a crucial stage
for NPF occurrence. The lower J3 value at the CL site compared with the BJ site may be
attributed to a lower [DMA]/[NH3] ratio in the mountainous atmosphere. In relation to
air-quality influence, the NPF could contribute to the number concentration of Aitken-
and accumulation-mode particles at the urban BJ site, while at the CL site, the influence
of NPF on the particle number concentration was not significant when compared with
primary emissions.

This study determined that the urban and mountainous sites located in one area may
be influenced by different source regions, and their NPF events presented different mecha-
nisms, even when they begun simultaneously. Thus, NPF events should not be considered
as regionally homogenous processes. Therefore, precise emission source distribution levels
and atmospheric transport modeling are necessary when investigating NPF events and
their environmental impacts in different locations. Moreover, if the NPF simulation formu-
las used in the regional atmospheric models were adopted from the measurements in urban
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atmospheres (or laboratory experiments based on urban atmosphere conditions), this can
cause uncertainties due to the discrepancy of the mechanisms in other environments.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos14091395/s1, Figure S1: near-surface wind distribution at NPF
start time,−1 and +1 h during three NPF days around the BJ and CL sites (based on the meteorological
observation data). The points in the figures represent BJ and CL stations, respectively. The color of the
legend represents the wind speed.
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