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H I G H L I G H T S  

• Particle sources were identified and quantified in three Chinese megacities by K-means clustering. 
• Frequent Nocturnal Nucleation Events have been observed in Beijing and Guangzhou. 
• Traffic emissions were the main contributor in Beijing and Guangzhou.  
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A B S T R A C T   

Air pollution has been a major concern in China, especially in densely populated megacities. Particulate pol-
lutants, generally known as aerosols, have sizes that range widely and complex physical and chemical compo-
sitions with high spatiotemporal variabilities. We have conducted a series of experiments using the same 
comprehensive observation system, measuring various aerosol properties in the three megacities of Beijing, 
Shanghai, and Guangzhou. Although there are differences in the total particle number concentration and particle 
number size distribution among the three sites due to differences in emission sources and sampling seasons, a 
high proportion of ultrafine particles was observed in all cities, i.e., 86.33%, 88.34%, and 81.1%, respectively. 
The high particle number concentration at the Beijing and Guangzhou sites was caused by an increase in 
nucleation-mode particles at nighttime. The concentration of nucleation-mode particles at nighttime was 
significantly higher than during the daytime. We call this phenomenon a nocturnal nucleation event, and 
combined with analyses of factors involved, attribute this event to traffic emissions. To investigate the pollution 
sources at each location, we identified and quantified the pollution contributions from different sources by 
applying the k-means clustering analysis to observational datasets of environmental quantities. Clustering results 
showed that traffic emissions were the main contributor in Beijing and Guangzhou, with direct and significant 
impacts ranging from 37% to 45%, respectively.   

1. Introduction 

Air pollution has become a major risk to public health, with about 
seven million people dying prematurely each year from exposure to high 
concentrations of atmospheric particulate matter (WHO, 2018). Small 
aerosol particles are more readily inhaled into lungs, spreading to other 
body parts and causing a serious health concern (Kumar et al., 2014; R. 
Zhang et al., 2015; Perera, 2017; Garate et al., 2020). The particle 
number concentration (PNC) in an urban atmospheric environment is 

mostly dominated by ultrafine particles (UFP) with sizes less than 100 
nm (Cheung et al., 2013; Agudelo et al., 2019). This indicates the ne-
cessity of studying atmospheric fine particles, especially UFP, and the 
importance of clarifying the source of UFP and minimizing the number 
concentration of atmospheric UFP. 

Megacities in developing countries such as China and India have 
complex mixtures of air pollutants and high atmospheric oxidation ca-
pacity associated with such intensive human activities as coal burning, 
vehicle exhaustion, and industrial activities resulting from rapid 
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economic development and urbanization over the past several decades 
(Z. Li et al., 2019; Y. Wang et al., 2019; Q. Zhang et al., 2021). Aerosols 
emitted from these activities are usually characterized by high number 
concentrations of UFP, complex chemical compositions, and strong 
temporal and spatial variabilities (Brines et al., 2015; Birmili et al., 
2015; Chu et al., 2021; Q. Zhang et al., 2021). Road traffic emissions are 
the main source of UFP in urban areas, contributing 71–94% to the total 
PNC (Rönkkö et al., 2017; Rivas et al., 2020; Wu et al., 2021). In addi-
tion to a large number of primary soot particles with an average particle 
size of about 30–100 nm, unexpected nucleation and growth of 
nucleation-mode particles was found in automobile exhaust gas (Brines 
et al., 2015; Agudelo et al., 2019). Because automobile exhaust gas also 
contains a large number of gaseous components, such as volatile organic 
compounds and sulfuric acid, they will immediately condense or 
nucleate due to the change in saturation during the dilution and cooling 
process of hot exhaust gas (Olin et al., 2020; S. Guo et al., 2020). In 
addition to road traffic contributions, new particle formation (NPF) also 
contributes to UFP in urban atmospheric environments (R. Zhang et al., 
2012; S. Guo et al., 2014; Kulmala et al., 2016). Although high con-
centrations of preexisting particles in megacities may inhibit homoge-
neous nucleation and NPF, NPF frequently occurs in megacities 
(Kanawade et al., 2020). It not only strongly contributes to the number 
concentration of particles but also has an important influence on the 
formation of winter haze and particle mass concentrations in northern 
China (F. Zhang et al., 2019; R. Zhang et al., 2015; Sun et al., 2016). 

In this study, comprehensive field observation experiments were 
carried out in Beijing (BJ), Guangzhou (GZ), and Shanghai (SH), located 
in the hearts of the three urban agglomerations of China’s North China 
Plain (NCP), Pearl River Delta (PRD), and Yangtze River Delta (YRD), 
respectively. The purpose of this work is to observe the particle number 
size distribution (PNSD) and PNC of three densely populated and 
economically developed megacities in China using the same set of in-
struments and to use the same methodologies to determine aerosol 
processes and possible sources related to the emission, formation, and 
transformation of UFP in megacities. The size distribution of aerosols is 
one of the most important properties of particles, contributing to our 
understanding of aerosol dynamics and providing information about 
particle sources and atmospheric processes (Vu et al., 2015; Liang et al., 
2020). We applied cluster analysis techniques to the PNSD datasets of 
the three megacities to quantify the contribution of different sources to 
PNC in urban atmospheric environments. 

2. Sampling and methods 

2.1. Sampling sites 

There are three major urban agglomerations in China, namely the 
NCP in northern China, the YRD in eastern China, and the PRD in 
southern China. Their rapid economic development and dense popula-
tion made them the largest sources of air pollution in China. We chose BJ 
(in the NCP region), SH (in the YRD region), and GZ (in the PRD region) 
as our research sites (Table 1), which are megacities with permanent 
populations exceeding 10 million. The three megacities have large dif-
ferences in weather, climate, geographical location, and industrial 

structure, all contributing to significant differences in air quality. 

2.2. Instrumentation and quality assurance 

Field experiments aimed at acquiring aerosol physical and chemical 
properties together with general meteorology and ambient conditions 
were carried out using the same observation system in the three mega-
cities (Z. Li et al., 2019). Particle number concentrations and size dis-
tributions were monitored using an assembled Scanning Mobility 
Particle Sizer (SMPS, TSI 3938) system. The aerosol size distribution 
describes the distribution of aerosol number concentrations in different 
particle-size bins, an essential physical characteristic of particulate 
matter. The system first uses a differential mobility analyzer (DMA) to 
classify particles according to their migration characteristics in the 
electric field. A condensation particle counter (CPC, TSI 3772) is then 
used to measure number concentrations in different size bins. The 
sample intake flow rate was set at 1.0 L/min. The temporal resolution of 
the measured aerosol size distribution was 5 min, and the particle size 
range was 11.3–552.3 nm. Corrections of the particle size spectra 
include the multiple charge correction (treating large particles with 
multiple charges as smaller particles) and the diffusion loss correction 
(correcting for the loss of particles <100 nm in diameter through 
diffusion at the inner wall of the pipeline). 

By integrating the size distribution of particulate matter, the number 
concentration values of different modes of particulate matter can be 
obtained, providing more insightful information. In this study, aerosols 
are divided into four categories according to the size of the particle: 
nucleation mode (NU, diameters less than 25 nm), small-Aitken mode 
(SA, diameters from 25 nm to 50 nm), large-Aitken mode (LA, diameters 
from 50 nm to 100 nm), and accumulation mode (AC, diameters greater 
than 100 nm). 

In addition, the system was equipped with a vorticity covariance LI- 
COR 7500A analyzer and an aerosol chemical speciation monitor 
(ACSM) of the Capture Vaporizer (CV) to obtain meteorological pa-
rameters and the aerosol mass and chemical composition of non- 
refractory submicron particulate matter in the atmospheric environ-
ment in real time. The ACSM is used for online observations of chemical 
components of aerosol particles, including organic matter (Org), nitrate 
(NO−

3 ), sulfate (SO2−
4 ), ammonium salt (NH+

4 ), and chloride (Chl), with a 
data resolution of 15 min. The vorticity covariance LI-COR 7500A sys-
tem can measure the thermodynamic parameters of air pressure, air 
temperature, water vapor density, and three-dimensional wind vector. 
Particulate matter with diameters less than 2.5 μm (PM2.5), sulfur di-
oxide (SO2), nitrogen dioxide (NO2), carbon monoxide (CO), and ozone 
(O3) concentrations used in this study were obtained from the nearest 
EPA observatory operated by the National Environmental Monitoring 
Center of China (last access date: October 30, 2021, URL: http://www. 
cnemc.cn/). 

2.3. Clustering particle number size distribution data 

Cluster analysis was applied to group objects according to similar-
ities in data feature vectors (Jain et al., 1999), a technique widely used 
in many studies of air pollution, source identification, long-distance 

Table 1 
Information about the monitoring stations selected for the study in the three megacities.  

Megacity Coordinates Geographical 
region 

Site description Observation period 

BJ 39.82◦N,116.48◦E NCP The site is located in the meteorological bureau compound in the southern suburbs of Beijing, 
surrounded by three roads, including the Southern Fifth Ring Road to the south. It is mainly affected 

by surrounding traffic emissions. It is an urban traffic emission site. 

2019/01/ 
01–2019/04/27 

GZ 23.01◦N,113.33◦E PRD Located in Panyu District, south of Guangzhou City. Sources of pollution are complex, including road, 
catering, and industrial emission sources. It is an urban multi-source compound pollution site. 

2019/11/ 
04–2020/01/20 

SH 31.39◦N,121.45◦E YRD This station is located in the Shanghai Baoshan Meteorological Bureau, far away from the city center, 
with less traffic flow on surrounding roads and no obvious industrial park. It is a city background site. 

2020/04/ 
05–2020/06/05  
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transport of pollutants, and the formulation of effective control and 
mitigation strategies (Salimi et al., 2014; Brines et al., 2015; Agudelo 
et al., 2019; Govender and Sivakumar, 2020; Chen et al., 2021). Typi-
cally, the goal of cluster analysis is to identify groups of similar objects, 
with objects in the same cluster grouping more similar to each other 
than in different clusters. It was first proposed in 1930, became popular 
in the 1960s, and was widely used in atmospheric sciences in the 1980s 
(Gong and Richman, 1995; Govender and Sivakumar, 2020). Given the 
amount of data to analyze, k-means clustering was applied to the three 
megacity observational datasets, which include simultaneous measure-
ments of PNSD, major aerosol chemical components (SO2−

4 , NO−
3 , and 

Org), gaseous pollutants (SO2, NO2, CO, and O3), and meteorological 
elements (temperature, humidity, and wind speed). The reason for 
choosing k-means clustering technology is that it can find clusters with 
the smallest size, the farthest interval, and highest degree of internal 
cluster similarity compared with other clustering technologies, such as 
fuzzy, k-median, and model-based clustering (Beddows et al., 2009). 
K-means is an iterative algorithm that minimizes the sum of square 
distances between all points and clustering centers to find a given 
number of clusters (Salimi et al., 2014). In other words, k-means clus-
tering defines a homogeneous set by minimizing the clustering error, 
defined as the square of the Euclidean distance between each dataset 
point and the corresponding clustering center (Agudelo et al., 2019). 

Determining the appropriate number of clusters is an additional 
challenge. The ratio between the minimum inter-cluster distance and 
the maximum intra-cluster distance, i.e., the Dunn index, is used to 
select the optimal number of clusters (Beddows et al., 2009; Wegner 
et al., 2012). Although there currently exist standards to help re-
searchers determine the number of clusters representing different 
sources before conducting a cluster analysis, the optimal number of 
clusters must be selected in combination with the data structure and 
sampling background conditions to determine whether the most 
meaningful and representative number of clusters will be generated 
(Govender and Sivakumar, 2020). In view of the large difference in 
PNSD between a nocturnal nucleation cluster and clusters of other 
emission sources in BJ and GZ, repeated clustering results showed that 
other datasets without nocturnal nucleation cluster could not be well 
clustered. We thus chose re-clustering. First, nocturnal nucleation clus-
ters were obtained by the clustering technique, then the datasets 
excluding nocturnal nucleation clusters were clustered for the second 

time. The origin of each cluster was explained by calculating the mean 
concentrations of PNC and other pollutants and the mean values of 
meteorological parameters, as well as their diurnal patterns and fre-
quencies of occurrence. 

3. Results and discussion 

3.1. Characteristics of aerosol particle size distributions in the three 
megacities 

Fig. 1 shows average diurnal variations of PNSD and mean particle 
diameter (mean Dp) at the three observational sites in China. The 
average particle number concentrations (PNCs) in BJ, GZ and SH were 
24,868 cm− 3, 24,120 cm− 3 and 7,540 cm− 3, respectively. Although the 
total number of particles at the three sites is different due to different 
driving factors such as sampling season and emission sources and 
meteorological conditions at the sampling sites, a very high proportion 
of UFP is present at all three sites. The proportion of particles consisting 
of UFP in BJ, GZ, and SH was 86.33%, 88.34%, and 81.1%, respectively. 
The PNSD and mean DP at BJ and GZ had similar diurnal variations. The 
concentration of nucleation-mode particles were significantly higher at 
night than in the daytime. Accordingly, the overall mean DP at night was 
lower than in the daytime. We call this nighttime phenomenon in BJ and 
GZ a nocturnal nucleation event (NNE), characterized by a continuous 
nucleation-mode particle burst, resulting in the reduction of average 
particle diameters. NNE is different from the photochemically driven 
NPF, characterized by the conversion of gaseous precursors to particles 
in the atmosphere due to nucleation, followed by the growth process 
through physicochemical interactions. Therefore, there is no banana- 
shaped increase in PNSD for an NNE. Nucleation is defined by the fact 
that during the occurrence of an NNE, nucleation-mode particles 
continue to explode at a high concentration level for several hours. This 
is like having an unknown source continuously release high levels of 
nucleation-mode particles into the atmospheric environment. This 
source may be one of several sources, such as increased emissions of 
primary particles, enhanced secondary nucleation from the gas phase to 
particles, a reduced boundary layer, or a combination of sources. The 
occurrence of NNEs in BJ and GZ will be explained in later sections. The 
lowest value of mean DP at the BJ site (45 nm) appeared at ~06:00 local 
time (LT), then gradually increased, ultimately remaining at a high 

Fig. 1. Average diurnal variations of the PNSD (unit: cm− 3) and mean Dp (unit: nm, white dots) at the sites in BJ, GZ, and SH.  
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value of ~65 nm between 09:00 and 10:00 LT. The mean DP at the GZ 
site remained small between 02:00 and 04:00 LT (~38 nm), then rose in 
the early morning, reaching its maximum value between 07:30 and 
09:30 LT (74 nm). The mean DP increased significantly in the early 
morning, indicating the modal evolution process of particles from small 
particles to larger particle sizes. The particle concentration at the SH site 
was significantly lower than at the BJ and GZ sites, with little difference 
in particle concentration between night and day. 

Similar to the mean Dp, there were significant differences in the 
mean PNSD among the three cities, with PNSDs differing between day 
and night (Fig. 2). In general, changes in PNSD are driven by the dilution 
process and the transformation process (including nucleation, conden-
sation, coagulation, and deposition, among others) in the atmosphere, as 
well as changes in emissions (Ketzel and Berkowicz, 2005; Lorelei de 
Jesus et al., 2020). Peak number concentrations at the BJ and GZ sites at 
night were higher than in the daytime. Peaks at night reached 35,000 
cm− 3 in BJ at DP = 18.8 nm and 15,000 cm− 3 in GZ at DP = 18.1 nm. The 
former is much higher than reported by Du et al. (2017) in BJ in 2015. 
Note that aside from synoptically driven changes and seasonal differ-
ences, our site is located in the very polluted southern part of BJ with 
denser road traffic, while the site chosen by Du et al. (2017) was in the 
cleaner northern part of BJ. A second peak occurred in BJ at ~70 nm, 
while the distributions were unimodal in SH and GZ. The peak in GZ 
appeared between 25 and 30 nm and was slightly larger than that in BJ, 
suggesting more aging of particulate matter in GZ. This may be related 
to the influence of surrounding cooking emissions from food stalls in the 
Chimelong Paradise amusement park in GZ. In SH, the peak of the PNSD 
occurred during the day at ~30 nm. 

Fig. 3 compares the mean number concentration for each mode and 
the mean mass concentration for each chemical component of particles 
during the daytime and nighttime. As mentioned before, mean total 
PNCs in BJ and GZ were significantly different during the daytime and 
nighttime, mainly driven by particles in the nucleation mode. The 
average concentration of nucleation-mode particles in BJ at nighttime 
was about twice as high as that in the daytime, increasing from 7117 
cm− 3 to 14,199 cm− 3, accompanied by an increase in the proportion of 
total particle numbers from 39.26% to 46.23%. The proportion of 
nucleation-mode particles in GZ increased from 28.36% during the 
daytime to 43.84% at night and increased the mean PNC by 4.4 times. 
The increase in nucleation-mode PNC at night may be due to a change in 
the emission source structure or a decrease in the boundary layer. 
However, the increase in the proportion of nucleation-mode particles 
suggests that local emission source is the main influence. This rules out 
the possibility of boundary layer factors alone, which can only increase 

particle concentrations and not have a significant effect on the propor-
tion of newly emitted nucleation-mode particles. From the changes in 
chemical components, only the concentration of Org components at the 
GZ site increased significantly at night, from 21.26 μg/m3 to 27.6 μg/m3. 
The concentrations of other chemical components did not change much 
at night in GZ. As the proportion of Org compounds increased (up to 
62.47%), the proportion of other components at night decreased. 
Overall, the Org at the GZ site was the highest among the three urban 
sites during both daytime and nighttime, indicating the contribution of 
cooking emissions. As for the BJ site, in addition to the significant in-
crease in Org, there was also a minor increase in SO2−

4 at night. 

3.2. Dependency on wind speed and direction 

Wind transport plays an important role in air quality. Figs. 4 and 5 
show the relationships between the four PNC modes and wind condi-
tions at the BJ, GZ, and SH sites. Fig. 4 shows how the air quality of the 
urban sites changed with wind direction during the course of a 24-h 
period, while Fig. 5 reveals how it changed with both wind speed and 
direction during daytime and nighttime for the four aerosol modes at the 
three urban sites. They are helpful to understand and explain differences 
between day and night and identify sources of pollutants. The rose plot 
in Fig. S1 shows which wind direction contributed most to overall mean 
concentrations. 

A higher PNC occurred during nighttime in BJ, associated with 
northeast and southwest winds under weak wind speed conditions (<5 
m/s), presumably caused by local emissions. For small particles in the 
nucleation and Aitken modes, high concentrations appeared predomi-
nantly between 03:00 and 06:00 LT under northeasterly wind condi-
tions. Particles emitted from diesel engines fall mainly in the range of 
20–130 nm, while that of gasoline is in the range of 40–80 nm (Agudelo 
et al., 2019). During daytime with strong northwest winds, nucleation- 
and small-Aitken-mode particles dominate over accumulation-mode 
particles. For nucleation-mode particles, the mean number concentra-
tion at nighttime was nearly twice that in the daytime, mainly from the 
northeast, with a contribution of nearly 30%, followed by south and 
southwest winds. The contribution of small-Aitken-mode particles was 
similar to that of the nucleation mode, indicating that they may have the 
same source of pollution. Strong winds blown in from a cleaner back-
ground cleared out preexisting particles, creating favorable conditions 
for the formation of new particles. 

In GZ, heavy pollution also occurred during nighttime, typical for 
most urban environments (e.g., von Bismarck et al., 2013; Weber et al., 
2013; Hama et al., 2017). Note that there are two independent local 

Fig. 2. Average particle number size distributions at the sites in BJ, GZ, and SH during the whole day (blue curves), at nighttime (purple curves), and during the 
daytime (orange curves). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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emission sources located in opposite directions, i.e., in the southwest 
and the northeast (Fig. 5). They correspond to the Xinguang Expressway 
and an industrial production area with a night market and barbecues set 
up on the street. The mean number concentration of nucleation and 
large-Aitken-mode particle at nighttime was nearly four times that of the 
daytime. 

Compared to BJ and GZ, there are major local emission sources in SH. 
The observation site is far away from the city center, and there are no 
industrial parks and busy roads around it. When northwest winds blew 
in from a clean background at speeds greater than 5 m/s, the concen-
tration of nucleation-mode particles increased significantly, which may 
be related to NPF, whose further growth may have led to high concen-
trations of small-Aitken- and large-Aitken-mode particles as well. When 
winds came from the northeast, the concentration of large-Aitken and 
accumulation-mode particles increased significantly, likely related to 
the Wusongkou International Cruise Terminal located 6 km away. 

3.3. Clustering PNSD data using k-means clustering 

Through continuous optimization, the aerosol datasets of BJ, GZ, and 
SH were divided into 6, 7, and 4 representative clusters, respectively, by 
selecting the best spectral number. Fig. 6 shows the average PNSDs of 
dN/dlog (Dp) of each cluster in the three megacities. The potential ori-
gins of these particular clusters are based on the mean values of gaseous 
pollutants, chemical composition, and meteorological variables during 
their occurrences. The mean values of relevant variables are shown in 
Fig. 7. The mean diurnal variation of PNSDs for each cluster of three 
megacities sites are shown in Fig. S2. Table 2 summarizes the fre-
quencies of the clusters and their associated sources of pollutants. 

3.3.1. Sources in BJ 
Six clusters were obtained at the BJ site. Cluster 1, which only 

appeared at night, was an NNE cluster with the lowest mean Dp among 
the six clusters (45.35 nm). It had the highest PNC value of 57,755 cm− 3 

at 19.5 nm, of which UFP accounted for 90.7%. Accounting for 14.71% 
of the total observed PNSD data, low wind speeds, high humidity, and 
high traffic-related gas concentrations (NO2 and CO) characterized the 
occurrence period of this cluster. The fresh traffic cluster (Cluster 2), 
with a frequency of 7.06%, occurred at night and during daytime rush 
hours. The peak particle size was 26.9 nm, and UFP contributed 92.9%, 
accounting for the highest proportion of particles. Cluster 3 was severe 
pollution caused by fossil fuel or biomass combustion, accounting for 
15.21% of the total, with the highest average mass concentration of NO−

3 

(34.12 μg/m3), SO2−
4 (27.05 μg/m3), and Org (59.38 μg/m3) among the 

six clusters. This is comparable to concentrations measured during 
winter haze pollution events in northern Chinese cities (Zhao et al., 

2017; Y. Zhang et al., 2018; S. Li et al., 2020). Average concentrations of 
SO2, NO2, and CO were also the highest, indicating that Cluster 3 was 
affected by the combustion of fuels such as coal and oil (Chen et al., 
2021). Cluster 4 was associated with photochemically driven nucleation 
of NPF, accounting for 22.85% of the total PNSD. During the occurrence 
of this cluster, the mass concentration of each chemical component was 
at its lowest value, accompanied by high O3 concentrations and low air 
humidity. The particle size distribution reached its peak at 17.5 nm, with 
a PNC of 15,015 cm− 3. Cluster 5, with a ratio of 20.87%, had the largest 
mean Dp value of 75.74 nm, presenting a bimodal distribution located in 
the nucleation mode and the accumulation mode. Particles in this cluster 
were classified as aerosols transported over long distances consisting 
mainly of accumulation-mode particles. Smaller particles in this cluster, 
such as nucleation- and Aitken-mode particles, are produced by coagu-
lation and condensation during transport (Vu et al., 2015). Cluster 6 was 
a clean background cluster, accounting for 19.3%. High wind speeds 
removed many particles from the atmosphere, and the PNC concentra-
tion was the lowest of the six clusters at 5367 cm− 3. 

3.3.2. Sources in GZ 
The GZ site has seven pollution contributors, making it the most 

complex atmospheric environment among the three megacities. Six of 
the clusters were the same as in BJ, while the seventh (Cluster 5, aging 
aerosols) was unique to the GZ site. The first four clusters are NNE 
(Cluster 1), fresh traffic emissions (Cluster 2), fossil fuel or biomass 
burning (Cluster 3), and NPF (Cluster 4). Cluster 1 accounted for 
17.17%, and the PNC reached a high value of 78,633 cm− 3, 38.14% 
higher than the mean value of the PNC for the NNE cluster in BJ. The 
mean Dp was 44.59 nm, with a peak value of 20.2 nm. The proportion of 
the fresh traffic cluster (Cluster 2) was 17.78%, significantly higher than 
the corresponding cluster in BJ. The mean Dp was 58.31 nm, also 
significantly higher than at the BJ site. This may be due to the influence 
of cooking emissions, whose main mode diameter is 40–50 nm, similar 
to the main mode particles from traffic emissions (Buonanno et al., 
2009). Many barbecue catering sites were distributed within 1 km of the 
observation site in GZ. The high CO concentration of 0.96 mg/m3 also 
confirmed the effect of cooking emissions. Emissions from fossil fuel or 
biomass combustion (Cluster 3) accounted for 9.9%, and the mean Dp 
was the largest among the seven clusters at 78.31 nm. Accordingly, the 
mass concentrations of SO2−

4 , NO−
3 , and Org during the occurrence 

period of this cluster were significantly higher than the mean values of 
the other six clusters but significantly lower than the mean value of a 
similar cluster in BJ. This is because the cluster in BJ included the cold 
winter haze weather. The proportion of the NPF cluster (Cluster 4) in GZ 
was 6.45%, much lower than in BJ. The O3 concentration was as high as 
101.03 μg/m3, and its PNC and mean Dp were similar to those at the BJ 

Fig. 3. (a) Average daytime and nighttime particle number concentrations divided by mode and (b) average particle mass concentrations for each urban site divided 
by chemical composition. 
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site. Considering that the average particle size distribution and PNC 
value of the fresh traffic cluster at the GZ site were close to that of the 
NPF cluster, some NPF at the growth stage may have made its way into 
the fresh traffic cluster during clustering, resulting in a low proportion of 
the NPF cluster and a high proportion of the fresh traffic cluster at GZ. 
However, the particle concentration of traffic emissions at the BJ site 
was significantly higher than that of NPF, so the significant difference in 
particle size distribution made the clustering result better. Cluster 5 was 
the aging aerosol cluster, accounting for 17.49%, representing the 
further growth stages of the fresh traffic and NPF clusters. Chen et al. 
(2021) have reported a similar cluster. Clusters 6 and 7 were 
long-distance regionally transported and clean background clusters, 
accounting for 14.73% and 16.48%, respectively. 

3.3.3. Sources in SH 
The emission sources of the SH site were relatively simple, with only 

four clusters that did not include the NNE cluster. At this site, the fresh 
traffic emission cluster and the NPF cluster could not be separated due to 
their similar characteristics. Brines et al. (2015) and Chen et al. (2021) 
also reported this. The NPF and fresh vehicle cluster (Cluster 1) 
accounted for 16.06% in total, reaching the peak mode at 25 nm, with a 
large mean Dp value (51.75 nm). The proportion of the fossil fuel and 
biomass burning cluster (Cluster 2) was 26.02%, likely due to its prox-
imity to the Wusongkou wharf. In a study of passenger ship plumes 
(Jonsson et al., 2011), the mean Dp was 38 nm, with a unimodal dis-
tribution. Cluster 3 accounted for the highest proportion among the four 
clusters (36.19%) and was classified as regional transmission based on 
its characteristics. The proportion of the clean background cluster 
(Cluster 4) in the total PNSD at the SH site was 21.71%. 

Fig. 4. Diurnal variations in particle number concentration (unit: 1000 particles/cm3) in each mode according to wind direction at the BJ, GZ, and SH sites. Time 
intervals are shown inside each circle. 
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Fig. 5. Daytime and nighttime bivariate polar plots of nucleation (11.3–25 nm), small Aitken (25–50 nm), large Aitken (50–100 nm) and accumulation (100–532 nm) mode particulate concentrations at the BJ, GZ, and 
SH sites. The center of each plot represents a wind speed of zero, increasing radially outward. The color scale shows concentrations (unit: 1000 particles/cm3). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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3.4. Nocturnal nucleation events and traffic contribution 

As mentioned in section 3.1, frequent NNEs were observed in aerosol 
observations at the BJ and GZ sites. Unlike NPF, which is driven by 
photochemical nucleation, NNEs consist of explosions of nucleation- 
mode particles lasting several hours, with no subsequent growth of 
particles. This is similar to the “transient” nucleation events described 
by Stanier et al. (2004), in which the number concentration of particles 
in the nucleation-mode size range increased rapidly but did not grow 
into larger particles. They divided atmospheric nucleation events into 
two categories, the other being “regional” nucleation events, often 
referred to as NPF events. Similar nocturnal nucleation has been 
observed in other studies (Ortega et al., 2012; Kecorius et al., 2015; Y. 
Guo et al., 2021). We thus proposed a novel approach that differentiates 
nucleation factors into two sources: photochemically driven NPF taking 
place during daytime and NNE taking place at night. In the analysis of 
section 3.1, we excluded the possibility that the reduction of the 
boundary layer had a significant impact on NNE. In section 3.2, com-
bined with wind direction and speed information, we concluded that it 
was mainly caused by local emission sources. In section 3.3, NNE-related 

clusters were accompanied by high gas pollutant concentrations related 
to traffic emissions. Many studies have attributed such “transient” 
nucleation events to traffic emissions. For example, Rivas et al. (2020) 
used NOx as an indicator of traffic emissions and divided nucleation 
factors into two sources: photo-nucleation and traffic-nucleation. 
Rodríguez and Cuevas (2007) divided the number of atmospheric 
ambient particles affected by fresh traffic discharge into aerosol parti-
cles directly emitted in the particle phase and new particles formed by 
nucleation during the dilution and cooling of vehicle exhaust. 

There is also increasing evidence that nocturnal nucleation in urban 
atmospheric environments is closely related to intensive local transport 
emissions. In addition to primary particles, vehicle exhaust contains 
many gaseous precursors discharged into the atmospheric environment 
through hot exhaust air that quickly cools down and condenses with 
water vapor to form nucleation-mode particles (S. Guo et al., 2020; Olin 
et al., 2020). M. Wang et al. (2020) found that nitric acid and ammonia 
can rapidly condense and grow into new atmospheric particles by 
simulating real atmospheric environmental conditions at low tempera-
tures in winter. When the temperature is cold enough (below − 15 ◦C), 
nitric acid and ammonia gas can nucleate directly by an acid-base 

Fig. 6. Particle number size distributions of each cluster at the BJ, GZ, and SH sites.  
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stabilization mechanism to form ammonium nitrate particles. This 
nucleation mechanism may be even more pronounced during cold 
winter nights, driven by both vertical mixing and a strong local source 
(traffic emissions). Additionally, cars emit SO2 from sulfur-containing 
fuels and lubricants (Olin et al., 2020). SO2 can be photochemically 
oxidized in the atmosphere by an oxidizing agent (such as the hydroxyl 
radical, OH) from the production of solar radiation, which is an 
important source of H2SO4, the most important gaseous precursor for 
NPF in the atmosphere (Kulmala et al., 2014). Y. Guo et al. (2021) 
recently found that the reaction between SO2 and the oxidant produced 
by the olefin-ozone reaction is responsible for the frequent formation of 
sulfates during winter nights, contributing a large amount of nanocluster 
aerosols. In addition to the formation mechanism of inorganic aerosol 

particles mentioned above, primary organic aerosols (POA) directly 
emitted from fossil fuels can also rapidly convert the water phase to 
secondary organic aerosols (SOA) under high relative humidity condi-
tions (J. Wang et al., 2021). We also found that the concentration of Org 
and the proportion of Org in total particle mass concentrations increased 
noticeably at the same time as NNE at the BJ and GZ sites at night. There 
was also a minor increase in the SO2−

4 composition at the BJ site at night. 
Overall, the exhaust gas emitted by urban traffic contains abundant 

gaseous precursors (NOx, SO2, POA, etc.), which can form new sec-
ondary NO−

3 , SO2−
4 and Org particles at night in winter under low tem-

perature and high humidity conditions. At the same time, driven by the 
reduced boundary layer height at night, these newly generated sec-
ondary particles and the primary particles directly discharged from the 

Fig. 7. SO2, SO4
2− , NO2, NO3

− , CO, Org, and O3 concentrations and the temperature (Temp.), wind speed (WS), and relative humidity (RH) of each cluster at the BJ, 
GZ, and SH sites. The horizontal lines, boxes, and whiskers represent the median, 25–75th percentile, and 10–90th percentile, respectively. 
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tail gas cannot diffuse as rapidly as in the daytime. As a result, our in-
struments can detect high concentrations of nucleated particles at night. 
Of particular note, the preponderance of NO−

3 , SO2−
4 or Org particles 

generated at night in each megacity considered here may vary 
depending on the type of vehicle in the local traffic, as well as other 
emission sources. We conclude that traffic emissions were the main 
contributor in BJ and GZ, with the direct and significant impacts on the 
PNSD ranged from 37% to 45%. 

4. Conclusions 

We have conducted comprehensive field experiments at three 
megacities in China (BJ, GZ and SH) under different environmental, 
climate and weather conditions to characterize air pollution, and to 
identify and quantify major contributors by applying the k-clustering 
method. Compared to previous studies that were chiefly conducted on a 
single city with different observation instruments and methods, we 
employed the same sets of measurements following the same analysis 
method so that the analysis results were consistent and comparable 
among the three megacities. 

The PNSD of the three sites showed higher total PNCs in BJ and GZ, 
mainly due to the increase of nucleation-mode particles at night. The 
average concentration of nucleation-mode particles in BJ at night was 
14,199 cm− 3, about twice that in the daytime. Meanwhile, the propor-
tion of nucleation-mode particles in the PNC increased from 39.26% in 
the daytime to 46.23% at night. The concentration of nucleation-mode 
particles in GZ at night was 4.4 times that in the daytime, and the 
contribution to the PNC increased from 28.36% to 43.84%. The high 
PNCs in BJ and GZ were mainly driven by frequent NNEs. The pro-
portions changes of different modes PNCs and different chemical com-
ponents during daytime and nighttime, respectively, indicate that NNEs 
are more influenced by emission source enhancement rather than 
meteorological factors. Using wind information, nighttime nucleation- 
mode particles in BJ were mainly related to local pollution source 
emissions, as was the case in GZ. 

The k-means clustering technique was applied to datasets of three 
megacity sites with different source contributions driven by different 
meteorological conditions and emission patterns. Six, seven, and four 
city contribution sources were identified at the BJ, GZ and SH sites 
respectively. NNE-related clusters were identified for the BJ and GZ 
sites. The NNE-related clusters were all accompanied by higher traffic- 
related gaseous pollutants, indicating a strong association with traffic 
emissions. Traffic emissions are also major contributors to the BJ and GZ 
sites, with the significant and direct contribution of 37%–45%. This 
work describes in detail the different source contributions affecting 
aerosol PNC and PNSD in the atmospheric environment of three mega-
cities in China, and will be helpful in evaluating the impact on human 
health in future studies. 
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Wegner, T., Hussein, T., Hämeri, K., et al., 2012. Properties of aerosol signature size 
distributions in the urban environment as derived by cluster analysis. Atmos. 
Environ. 61, 350–360. https://doi.org/10.1016/j.atmosenv.2012.07.048. 

Who, 2018. Global Urban Ambient Air Pollution Database. 
Wu, H., Li, Z., Jiang, M., et al., 2021. Contributions of Traffic Emissions and New Particle 

Formation to the Ultrafine Particle Size Distribution in the Megacity of Beijing. 
Atmospheric Environment, p. 118652. https://doi.org/10.1016/j. 
atmosenv.2021.118652. 

Zhang, F., Ren, J., Fan, T., et al., 2019. Significantly enhanced aerosol CCN activity and 
number concentrations by nucleation-initiated haze events: a case study in urban 
Beijing. J. Geophys. Res. Atmos. 124 (24), 14. https://doi.org/10.1029/ 
2019jd031457, 102–114,113.  

Zhang, Q., Jia, S., Yang, L., et al., 2021. New particle formation (NPF) events in China 
urban clusters given by severe composite pollution background. Chemosphere 262, 
127842. https://doi.org/10.1016/j.chemosphere.2020.127842. 

Zhang, R., Khalizov, A., Wang, L., et al., 2012. Nucleation and growth of nanoparticles in 
the atmosphere. Chem. Rev. 112 (3), 1957–2011. https://doi.org/10.1021/ 
cr2001756. 

Zhang, R., Wang, G., Guo, S., et al., 2015. Formation of urban fine particulate matter. 
Chem. Rev. 115 (10), 3803–3855. https://doi.org/10.1021/acs.chemrev.5b00067. 

Zhang, Y., Du, W., Wang, Y., et al., 2018. Aerosol chemistry and particle growth events at 
an urban downwind site in North China Plain. Atmos. Chem. Phys. 18 (19), 14. 
https://doi.org/10.5194/acp-18-14637-2018, 637–14,651.  

Zhao, J., Du, W., Zhang, Y., et al., 2017. Insights into aerosol chemistry during the 2015 
China Victory Day parade: results from simultaneous measurements at ground level 
and 260 m in Beijing. Atmos. Chem. Phys. 17 (4), 3215–3232. https://doi.org/ 
10.5194/acp-17-3215-2017. 

D. Zhang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.scitotenv.2020.142207
https://doi.org/10.5194/acp-17-6797-2017
https://doi.org/10.5194/acp-17-6797-2017
https://doi.org/10.3233/jad-190929
https://doi.org/10.3233/jad-190929
https://doi.org/10.1175/1520-0442(1995)008<0897:OTAOCA>2.0.CO;2
https://doi.org/10.1016/j.apr.2019.09.009
https://doi.org/10.1073/pnas.1419604111
https://doi.org/10.1073/pnas.1419604111
https://doi.org/10.1073/pnas.1916366117
https://doi.org/10.5194/acp-21-5499-2021
https://doi.org/10.5194/acp-21-5499-2021
https://doi.org/10.1016/j.atmosenv.2017.07.013
https://doi.org/10.1145/331499.331504
https://doi.org/10.1029/2011gl047672
https://doi.org/10.1029/2011gl047672
https://doi.org/10.4209/aaqr.2019.04.0196
https://doi.org/10.4209/aaqr.2019.04.0196
http://refhub.elsevier.com/S1352-2310(22)00179-0/sref19
http://refhub.elsevier.com/S1352-2310(22)00179-0/sref19
https://doi.org/10.1016/j.atmosenv.2005.01.058
https://doi.org/10.1016/j.atmosenv.2005.01.058
https://doi.org/10.1146/annurev-physchem-040412-110014
https://doi.org/10.1146/annurev-physchem-040412-110014
http://refhub.elsevier.com/S1352-2310(22)00179-0/sref22
http://refhub.elsevier.com/S1352-2310(22)00179-0/sref22
http://refhub.elsevier.com/S1352-2310(22)00179-0/sref22
https://doi.org/10.1016/j.envint.2014.01.013
https://doi.org/10.1016/j.atmosenv.2020.117662
https://doi.org/10.1029/2019jd030758
https://doi.org/10.1016/j.scitotenv.2020.140923
https://doi.org/10.1016/j.envpol.2020.114500
https://doi.org/10.1016/j.envpol.2020.114500
https://doi.org/10.5194/acp-20-1-2020
https://doi.org/10.5194/acp-12-4297-2012
https://doi.org/10.5194/acp-12-4297-2012
https://doi.org/10.1289/EHP299
https://doi.org/10.1016/j.envint.2019.105345
https://doi.org/10.1016/j.jaerosci.2007.09.001
https://doi.org/10.1016/j.jaerosci.2007.09.001
https://doi.org/10.1073/pnas.1700830114
https://doi.org/10.5194/acp-14-11883-2014
https://doi.org/10.5194/acp-14-11883-2014
https://doi.org/10.1080/02786820390229570
https://doi.org/10.1038/srep27151
https://doi.org/10.1038/srep27151
https://doi.org/10.1016/j.atmosenv.2013.05.029
https://doi.org/10.1016/j.atmosenv.2013.05.029
https://doi.org/10.1016/j.atmosenv.2015.09.027
https://doi.org/10.1073/pnas.2022179118
https://doi.org/10.1038/s41586-020-2270-4
https://doi.org/10.1038/s41586-020-2270-4
https://doi.org/10.1029/2019gl084047
https://doi.org/10.1016/j.scitotenv.2013.01.044
https://doi.org/10.1016/j.scitotenv.2013.01.044
https://doi.org/10.1016/j.atmosenv.2012.07.048
http://refhub.elsevier.com/S1352-2310(22)00179-0/sref44
https://doi.org/10.1016/j.atmosenv.2021.118652
https://doi.org/10.1016/j.atmosenv.2021.118652
https://doi.org/10.1029/2019jd031457
https://doi.org/10.1029/2019jd031457
https://doi.org/10.1016/j.chemosphere.2020.127842
https://doi.org/10.1021/cr2001756
https://doi.org/10.1021/cr2001756
https://doi.org/10.1021/acs.chemrev.5b00067
https://doi.org/10.5194/acp-18-14637-2018
https://doi.org/10.5194/acp-17-3215-2017
https://doi.org/10.5194/acp-17-3215-2017

	Analysis of aerosol particle number size distribution and source attribution at three megacities in China
	1 Introduction
	2 Sampling and methods
	2.1 Sampling sites
	2.2 Instrumentation and quality assurance
	2.3 Clustering particle number size distribution data

	3 Results and discussion
	3.1 Characteristics of aerosol particle size distributions in the three megacities
	3.2 Dependency on wind speed and direction
	3.3 Clustering PNSD data using k-means clustering
	3.3.1 Sources in BJ
	3.3.2 Sources in GZ
	3.3.3 Sources in SH

	3.4 Nocturnal nucleation events and traffic contribution

	4 Conclusions
	Data availability
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


