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A B S T R A C T

New particle formation (NPF) events are important phenomena that generate nanoparticles and even fine
particles via gas-to-particle conversion. These events have clear effects on aerosol loading, atmospheric chem-
istry and global climate. Long-term field measurements were used to characterize aerosol size distributions and
to examine the role of atmospheric volatile organic compounds (VOCs) in NPF events in the urban environment
of Shanghai. Aitken and accumulation particles are dominant and account for 85–95% of the total particles,
whereas coarse particles are negligible. Particles in the four size-models show the same seasonality: highest in
winter and lowest in autumn. The mean particle size distributions display different patterns of diurnal fluc-
tuation, including bimodal in spring and winter, tri-modal in autumn, and “banana” shaped in summer due to
highly frequent NPF events. The geometric mean diameter (GMD) is often 20–30 nm or 40–60 nm. Overall, NPF
events occur on 89 days out of 335 measurement days (26.5%), and the newly formed particles have a mean
growth rate of 6.28 nm h−1. Two typical anthropogenic aromatics, benzene and toluene, from traffic emissions
closely match the occurrence of NPF events and have a weakly positive correlation with the nucleation particle
number concentrations. The enhanced VOCs as precursors of organic vapors may contribute to the growth
process of NPF events to some extent (e.g., growth rate) so that newly formed particles can grow into a de-
tectable size.

1. Introduction

Aerosols can directly affect climate through scattering and ab-
sorbing solar and ground radiation as well as indirectly affect climate
through acting as cloud condensation nuclei (CCN) or ice nuclei (IN)
that participate in precipitation processes and in cloud. Anthropogenic
aerosols are known as the biggest uncertainties in estimating global
climate change (Penner et al., 2004; Seinfeld and Pandis, 2006). Fur-
thermore, aerosol particles can cause adverse health effects through
changes in human pulmonary function and respiratory irritation in the
surface atmosphere, especially during heavy pollution events (Sarnat
et al., 2001; Penttinen et al., 2001).

A new particle formation (NPF) event is important evidence of
secondary aerosol formation by gas-particle transfer in the atmosphere
(Kulmala et al., 2004a,b). NPF, also known as aerosol nucleation, is
considered the largest contributor of submicron particles to global
aerosol loading (Spracklen et al., 2006; Pierce and Adams, 2009;
Seinfeld and Pandis, 2006). To date, a number of studies have re-
searched the nucleation and growth of NPFs by aerosol size distribution
(e.g., clusters and nanometer particles) around the world, such as at
pristine (Kivekäs et al., 2009; Dal Maso et al., 2007), rural (Weber et al.,
1999; Creamean et al., 2011; Pikridas et al., 2012; Vakkari et al., 2011),
polluted (Harrison et al., 1999; Woo et al., 2001; Hussein et al., 2004;
Stanier et al., 2004a), forest (Allan et al., 2006; Han et al., 2013; Pierce
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et al., 2012) and polar sites (Koponen et al., 2003; Asmi et al., 2010). In
general, NPF requires essential coagulation and a sink for condensable
vapors, and its occurrence frequency varies with location and time.
However, in urban environments, in spite of rich gaseous precursors,
NPF events are rare because there are more pre-existing particles that
impede nucleation and new particle growth (Wu et al., 2008; Du et al.,
2012; Siingh et al., 2013). For polluted cities in economically devel-
oping regions, in particular, there is a substantial challenge to fully
understand the complex mechanisms of NPFs (Yue et al., 2013; Wang
et al., 2014).

Atmospheric volatile organic compounds (VOCs) generally play an
essential role in NPF. Growing evidence shows that the condensation
and coagulation of low volatility organic compounds are vital for NPFs
(Metzger and Finlayson-Pitts, 2010). In fact, the formation of new
particles is, to some extent, initiated by intense solar radiation, atmo-
spheric gas photo-oxidation, and nucleation precursors, as well as
especially high concentrations of low-volatile vapors (Wang et al.,
2015). For instance, sulfuric acid, ammonia and amines have been
found to play dominant roles in atmospheric nucleation, as well as the
potentially heterogeneous reactions of organics on particle surfaces
(Kulmala et al., 2006; Xiao et al., 2015). NPF events have been found to
occur efficiently over European countries, eastern Asia as well as some
parts of northern America due to the concurrent anthropogenic VOCs
and SO2 emissions in these areas. Some studies have shown that NPF
events are enhanced in the anthropogenic plumes by high concentra-
tions of SO2 and CO that indicate the presence of VOCs (Zhang et al.,
2004b). Field measurements and laboratory studies have provided ex-
tensive new insight showing that BVOCs (biogenic volatile organic
compound) and AVOCs (Anthropogenic volatile organic compound)
participate in nucleation and potentially contribute to NPFs (Kulmala
et al., 2004a; Hatch et al., 2011; Guo et al., 2012). A clear positive
correlation between the growth rate (GR) of nucleation particles and
monoterpene under specific conditions has been observed in boreal
forests, where large amounts of BVOCs are emitted from vegetation
(Tatekawa et al., 2011). Monoterpene may have a weak effect on NPF
compared to light intensity in polluted urban environments (Wang
et al., 2015). The role of VOCs in NPF is still an open discussion.

In this study, measurements of size-resolved aerosol number con-
centrations over the course of 1 year are presented to characterize the
aerosol size distribution on daily and monthly time scales in Shanghai.
The aim is to focus on apparent NPFs and to give some insight into the
role of VOCs in these events in urban environments.

2. Data and methodology

2.1. Observation location and instruments

All measurements were conducted at an urban site located on the
campus of the Shanghai Academy of Environmental Sciences (31.18°N,
121.43°E) during 2013. The observation station, located on the 9th
floor of a building, is close to residential areas but not to arterial traffic
and is normally only affected by the residential emissions.

The size-resolved number concentrations of particles within the
scope of 13.6–6335 nm were measured by an integrated system of a
SMPS (Scanning Mobility Particle Sizer, TSI Model 3772) and an APS
(Aerodynamic Particle Sizer, TSI Model 3321). Before entering the
inlet, ambient air was dried using a silica gel dryer. The SMPS, con-
sisting of a DMA (differential mobility analyzer) and a CPC (con-
densation particle counter), measured particle sizes between 13.6 nm
and 736.5 nm. The SMPS and APS data are recorded by AIM (Aerosol
Instrument Management) software from the TSI company. The SMPS
(TSI corp.) is employed to track the size distribution change, in which
the CPC (TSI corp.) is used to count the number of particle of each size
bin. The neutralizer (TSI corp.) is used in the system to provide known
charge on the particles going into the SMPS. Both multiple charge and
the diffusion correction is applied when we obtained the data. The APS

measured the particles of 542–5425 nm, and their particle aerodynamic
diameters were converted to Stokes diameters using a size correction
factor α assuming the particle density of 1.36 g cm−3 which has been
calculated for Shanghai by Yin et al. (2015). Under the spherical as-
sumption, α is defined as =α ,ρ

χρ
P

0
where ρP is the density of particles,

ρ0 is the reference density and χ is the shape factor. Here a shape factor
(χ ) of 1 was used to convert the aerodynamic diameter into a Stokes
diameter according to the theory proposed by Seinfeld and Pandis
(2006). Moreover, we assumed ρ0 =1 g cm−3 according to Khlystov
et al. (2004). The loss caused by transmission efficiency was already
considered and corrected for in the total particle number concentration.

A gas chromatograph system (TH-300 GC/MS) was applied to
monitor 54 species of VOCs at an hourly time resolution, including
types of alkanes, alkenes, alkynes and aromatics. Meteorological factors
were measured at the same site. Besides, hourly concentrations of NO,
NO2, NOX, SO2, CO and O3 gases and particulate matter (PM2.5 and
PM10, respectively) were monitored at the Shanghai Air Quality
Monitoring Country Control Point (Shanghai Normal University), which
is 1.5 km from the Shanghai Academy of Environmental Sciences
campus. The sites are both located in the center of Shanghai, which, to
some extent, represents the urban pollution situation in Shanghai.

2.2. Calculation of variables to characterize NPFs

The condensation sink (CS) as well as the coagulation sink (CoagS)
of particles are important parameters related to atmospheric NPFs
(Kulmala et al., 2004b). We classified NPF events of each day into Class
I, Class II and undefined using the event classification routine of Dal
Maso et al. (2005) and details will be given in section 3.3. To be con-
sidered a NPF event, a distinct mode of particles with diameters smaller
than 20 nm must appear and this classification is done visually and
subjectively as in Dal Maso et al. (2005). In our study, we implicitly
assumed that all particles range in size from 13.6 nm to 20 nm, which
were viewed as nucleation mode particles, originate from secondary
formation during classes I and II and from undefined NPF events other
than primary emissions. The condensation rate of vapors can reflect the
rate at which the condensable vapor molecules condense on preexisting
aerosols (Dal Maso et al., 2002). The CS value can be calculated using
formula (1),

∑=CS πD β d d N2 ( )
i

m p i p i i, ,
(1)

where D represents the diffusion coefficient of the condensing vapor, βm
is defined as the mass flux transition correction factor, here di and Ni

are respectively the diameter and number concentration of particles in
the particle size bin, as used in previous researches (Dal Maso et al.,
2007; Lehtinen et al., 2007; Kulmala et al., 2012). In theory, all particle
sizes should be included in the CS calculation; although some particles
(< 13.6 nm or > 6326 nm) are beyond the scope of instrument de-
tection, their impact on the CS calculation can be ignored due to their
small quantities.

Since sulfuric acid is the primary condensable vapor in the urban
atmosphere, the diffusion coefficient of sulfuric acid was calculated by
using formula (2) (Stanier et al., 2004b; Zhang et al., 2004b; Jeong,
2009),

= × + × + × − ×− − − −T T TD 5.0032 10 1.04 10 1.64 10 1.566 106 8 11 2 14 3

(2)

here D is the diffusion coefficient (m2 s−1), and T is the Kelvin tem-
perature. And in this study we used T=293.5 K in spring and autumn,
T= 303.5 K in summer and T=273.5 K in winter, which are close to
the average daytime temperatures in Shanghai during the four seasons.
The transition correction factor is calculated using formula (3),

= +
+ +

K
K K

β 1
1 1.677 1.333

n

n n
2 (3)
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=K λ
d
2

n
p (4)

where βm is the function of the Knudsen number (Kn) that describes the
character of vapor suspended on particles according to Fuchs-Sutugin
expression, λ is the effective mean free path of the vapor molecules, dp
is the diameter of particles, while α is the mass accommodation factor
used to describe the possibility that the vapor molecule will stick to the
particle surface during the interaction between gas phase and particle
phase (Seinfeld and Pandis, 2006). Here, α=1 and λ=108 nm was
used in our study, as used in studies of Massman (1998) and Kulmala
et al. (2012).

The CoagS describes the rate of particle loss by coagulation with
other particles. To simplify the calculation, Lehtinen et al. (2007)
suggested a relation to link CS and CoagS. The value of CS is generally
calculated for each size, and it can also be useful to acquire CoagS for
different size bins. The relation can be approximated using formula (5),

⎜ ⎟= ⋅⎛
⎝

⎞
⎠

S CS
d

Coag
0.71d

p
m

p (5)

where the index m ranges from−1.75 to−1.5 with an average value of
−1.7, while the hydrated sulfuric molecule has a diameter of 0.71. In
this study we used m=−1.6, as used by Kulmala et al. (2012).

Based on the time evolution of the nucleation particle average
diameter, the growth rate of newly formed particles (GR) can be cal-
culated by formula (6) (Kulmala et al., 2004a,b),

=GR DΔ
Δt

m
(6)

here Dm is mean diameter of the nucleating particles during the growth
period. We calculated GR using a log-normal Gaussian fit of the nu-
cleation particle size distribution (Kulmala et al., 2012).

The particle formation rate (FR) represents the number of particles
formed per cm3 per second of a particular size (Kulmala et al., 2007).
Compared with particle formation, when the influence of coagulation
and transport are small, the FR can be calculated by formula (7),

≈J
ΔN

ΔtD
D D

observed

, max

(7)

Among them, ND,Dmax means the total number concentration of
particles within a size range [D, Dmax], while Dmax is the maximum size
that clusters can grow into through growth process during Δt (Kulmala
et al., 2004b).

3. Results and discussion

3.1. Temporal variation of aerosol number concentrations

The observed particles were classified into four groups according to
size, that is, nucleation mode (Dm≤ 20 nm), Aitken mode
(Dm=20–100 nm), accumulation mode (Dm=100–2000 nm) and
coarse mode (Dm > 2 μm) particles. To understand the characteristics
of the size-resolved particles, the particle number concentrations of
separated and integrated modes were calculated for the entire study
period. Fig. 1 illustrates the seasonally averaged fractions of the four
modes of particles. The Aitken mode particles were dominant and ac-
counted for 60–70% of the total particles, which has been previously
discovered by other studies (Woo et al., 2001; Peng et al., 2017). The
second most abundant group was the accumulation mode, with mean
fractions of 25–30% during the four seasons. Although coarse mode
particles were taken into consideration, their fractions were too small to
have a clear presence compared with those of the other groups. In
general, the particles in the four modes showed the same seasonality,
with the highest values observed in January or December and the
lowest in February or October (Fig. 2). In particular, the nucleation and
accumulation modes increased from February to May and decreased

slightly until October; then, they increased again and reached a max-
imum. The Aitken and coarse modes experienced a similar pattern of
fluctuation to the first two modes, although their maximum occurred in
January rather than December.

Fig. 3 presents diurnal variations in the mean size-model particle
number concentrations during the four seasons. Overall, the nucleation
mode particles had one clear peak started at noon at around 13:00 LT in
spring, and in winter there two morning peaks and one afternoon peaks
at 8:00 LT, 13:00 LT and 18:00 LT respectively. Because of vigorous
secondary formation (e.g., NPF), despite deviations in time and in-
tensity, the morning peak of the nucleation particles appeared at
9:00–12:00 LT in summer and autumn, whereas it was delayed to
12:00–15:00 LT in spring and winter. Aitken mode particles had three
peaks at approximately 8:30 LT, 13:00 LT, and 18:00 LT in spring,
autumn and winter, respectively. In summer, the peak concentration of
the Aitken mode particles occurred at approximately 12:00 LT, fol-
lowing the morning peak of the nucleation mode, which may be at-
tributed to new particles that transformed into Aitken mode particles
during NPFs. The accumulation mode particles increased from 3:00 LT
to 19:30 LT in summer and had two peaks at approximately 9:00 LT and
19:30 LT in the other three seasons, possibly due to traffic emissions
that correspond to times of rush-hour traffic. Overall, the Aitken mode
particles largely determined the diurnal variation of the total particles,
especially in the morning peak period of summer, and the particles of
accumulation mode influenced the diurnal variation of total particles to
some extent, especially in the afternoon peak period of winter.

Fig. 4 shows the diurnal cycles of particle number size distributions
in the four seasons. The average particle number size distribution shows
a clear bimodal pattern in spring and winter as well as a tri-modal
pattern in autumn, with particle median diameters of 20–30 nm or
40–60 nm. A similar phenomenon has previously been found by Peng
et al. (2017) and Wu et al. (2007). The peaks in particle concentration
occurred during the period 07:00–09:30 LT in the morning,
11:00–14:00 LT around midday, and 17:00–23:00 LT in the afternoon
to night in the spring, autumn and winter, corresponding to respective
median diameters. In addition, a plume of high-particle concentrations
often occurred, probably affected by the pollution between 00:00 LT
and 06:00 LT, especially in autumn and winter. The morning peaks in
these three seasons were attributed to NPFs and ultrafine particle
emissions (e.g., vehicle exhaust) (Pérez et al., 2010). The evening peaks
were also affected by traffic emissions while the size distribution is
much wider (30–90 nm), which is probably due to the condensational
growth of aged particles. In winter, the low boundary layer and little
rainfall caused pollutant accumulation that resulted in high particle
loadings (Zhang et al., 2017), and a large amount of aged accumulation
particles were transported from the north during the central heating
period in northern China (Li et al., 2011). Surprisingly, in summer, the

Fig. 1. Average fractions of size-model particle loadings in four seasons.
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diurnal cycle of particle size distribution can be described as a typical
“banana” shape, and the median diameter increased from 20-40 nm to
60–80 nm from approximately 10:00 LT in the morning until midday.
We attributed this phenomenon to the high frequency of NPF events via
chemical and photochemical reactions. High temperatures and strong
solar radiation facilitate photochemical reactions, and the sulfate pro-
duct will strengthen NPFs (Gao et al., 2009). These phenomena de-
monstrate that the newly formed particles play an essential role in the

abundance of particles (Zhang et al., 2009).

3.2. Aerosol size distributions under pollution conditions

The pollution caused by pollutant emissions and atmospheric con-
ditions provides an important chance to understand how these condi-
tions influence the physical and chemical properties of aerosols.
According to the World Meteorological Organization (WMO), visibility

Fig. 2. Monthly size-model particle number concentrations. The solid lines are monthly mean number concentrations and the shaded areas represent 25-75th
percentile range.

Fig. 3. Diurnal cycle of mean size-model and total particle number concentrations in four seasons.
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Fig. 4. Diurnal variation of particle number size distributions (13.5–600 nm) in four seasons.
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(Vis) and relative humidity (RH) are important criteria for classifying
weather conditions related to pollution, especially those containing
particulate pollutants (Che et al., 2016). In this study, weather pollution
conditions was categorized into six types according to an hourly time
scale, that is, clean, haze, heavy haze, mist, a transition from mist to fog
and fog, for the entire measurement period (Table 1). When Vis< 5 km
and RH<80%, the weather-pollution condition was defined as heavy
haze. When Vis< 10 km and 80% < RH<90%, the weather-pollu-
tion condition was categorized as a complex of co-occurring haze-fog or
a transition episode (Leng et al., 2014, 2016).

During haze days, the hourly PM2.5 often exceeded 90 μgm−3, with
the highest concentration of 602 μgm−3 on 6 December 2013. During
the heavy haze days, the average hourly PM2.5 reached 160.9 μgm−3

and 167.9 μgm−3 in spring and winter, respectively. Similar to parti-
cles that are generally more abundant in other periods, higher con-
centrations of gaseous precursors (e.g., SO2, O3, NO2, NO, and NOX)
were also observed during normal and heavy haze periods.
Additionally, low wind speeds were recorded during the whole study
period compared to those on clean days (4.5 m s−1), in particular, those
during normal and heavy haze periods, with mean values of
3.5–3.8 m s−1. The stagnant air caused by low wind speeds and weak
convection was, to some extent, unfavorable for vertical diffusion or
aerosol horizontal transport and therefore resulted in aerosol accumu-
lation in the boundary layer.

Since the particle number size distribution data are on log scale, we
transformed them into a linear scale by using a multiple-peak log-

normal Gaussian fit ( = + − −
y y eA

ω π0 / 2

x xc
ω

( )2

2 2 ), in which the particle
median diameter is xc, and the standard deviation is ω. We compared
the mean particle number size distributions under different pollution
conditions. The lowest number concentration of particles was found
during fog rather than clean periods, which is partly because the rela-
tively high RH could facilitate particle adsorption, dissolution and re-
moval. For the transition period from mist to fog, the geometric mean
diameter (GMD) was as high as that during the haze period, while the
particle number concentration was as low as that during the clean
period. Compared with haze case periods, heavy haze case periods
appeared more frequently under the condition with lower visibility and
higher concentrations of PM2.5 and PM10. During the mist periods, the
low particle number concentration was mainly dependent on the higher
relative humidity, similar to the fog period in spring, summer and
winter. Table 2 shows the results of the multipeak fitting. The first
spectrum mainly comprised particles with small sizes, while the second
spectrum contained large sizes, including most of the Aitken mode
particles. The GMD of the first spectrum was usually centered at
25–35 nm; however, the maximum (60.8 nm) occurred during the
heavy hazy period in summer, and the minimum (15.1 nm) occurred
during the mist period in spring. The second spectrum always had the
highest GMD (75–110 nm) during the heavy haze periods, except in
winter, and the lowest GMD (45–80 nm) occurred during clean or mist
periods. Since the fine particles mainly originate from NPFs, while the
large particles mainly originate from local primary emissions and par-
ticle growth, we believe that the aerosol distribution in Shanghai is
mainly influenced by these factors. Furthermore, unfavorable meteor-
ological conditions of high RH, low wind speed and less rainfall were

more conducive to haze formation (Tian et al., 2015), and the particles
were transported remotely from the north during warmer periods, even
during regional haze pollution. Therefore, the highest concentration of
particles occurred, as expected, in the transition period in winter.

3.3. New particle formation events

The measurement days over the 1-year study period were classified
into different categories based on whether there is a nucleation burst
occurred. Similar to the methods used by Dal Maso et al. (2005) and
Kulmala et al. (2012), the NPF event days were defined as Class I and
Class II. The Class I refers to the NPF days when the GR and FR can be
calculated with confidence and Class II refers to that when it was im-
possible to accurately calculate. Undefined events refers to particles
measured at smallest sizes of SMPS, and there is either no growth or
there is growth followed by shrinking. For example, days with unclear
growth or growing Aitken mode particles were classified as undefined.

The total occurrence frequency of Class I, Class II and undefined
days as well as the percentages of the three types in each month are
shown in Fig. 5. Overall, there were 89 NPF days during the whole
measurement period, including Class I, Class II and undefined days,
accounting for 26.5% of the total effective measurement days (335
days). There were 73 Class I and Class II days in total, which mostly
occurred in summer and usually began a few hours before noon. This
fraction of NPF days (27%) in Shanghai was slightly higher than that in
Xi'an (19%) but lower than that in Hong Kong (34%), Beijing (40%),
Taicang (44%) and Nanjing (51%) (Wu et al., 2008; Gao et al., 2009;
Guo et al., 2012; Qi et al., 2015; Peng et al., 2017). In some previous
studies, the NPFs could not be classified into three groups; therefore, in
this study, the NPF fraction refers to the ratio of days, excluding non-
NPF days, to the total measurement days.

The frequency histogram of the NPF days was similar to that in Xi'an
from November 2013 to December 2014. In addition, the summer
seems to have the highest frequency of NPF events and the Class I and
Class II days accounted for the most proportion. And the proportion of
Class I in February was particularly high was probably due to the small
sample size caused by the less NPF events occurred at that time. The
NPF events usually occurred during warm seasons due to strong

Table 1
Key criterion for different pollution conditions.

Type Visibility (km) Relative humidity (%) Episode

Ⅰ VIS≥10 RH≤ 80 Clean
Ⅱ 5≤ VIS< 10 80 < RH≤ 90 Mist
Ⅲ VIS<5 80 < RH≤ 90 Transition from mist to fog
Ⅳ 5≤ VIS< 10 RH≤ 80 Haze
Ⅴ VIS<5 RH≤ 80 Heavy haze
Ⅵ VIS<10 RH>90 Fog

Table 2
The multi-peaks fit of aerosol distributions under different pollution conditions.

Season Type Peak1(nm) σ1 Peak2(nm) σ2

Spring Clean 30.0 1.06 71.4 1.11
Mist 15.1 1.01 46.6 1.02
transition 29.0 1.01 82.0 1.04
Haze 31.5 1.04 94.8 1.06
heavy haze 31.4 1.02 106.7 1.07
Fog 28.4 1.05 72.7 1.03
Clean 28.7 1.06 61.7 1.02
Mist 23.4 1.04 60.2 1.03

Summer transition 23.7 1.05 56.5 1.03
Haze 26.3 1.02 76.3 1.02
heavy haze 60.8 1.01 133.6 1.05
Fog 23.1 1.05 54.5 1.03
Clean 30.0 1.06 67.8 1.06
Mist 30.6 1.05 78.0 1.04

Autumn transition 29.9 1.02 100.2 1.02
Haze 30.1 1.03 97.7 1.04
heavy haze 33.5 1.02 113.6 1.02
Fog 33.3 1.03 85.5 1.05
Clean 28.0 1.07 67.5 1.11
Mist 32.3 1.03 118.9 1.06

Winter Transition 32.1 1.02 110.6 1.03
Haze 28.1 1.04 81.0 1.06
heavy haze 30.7 1.02 109.1 1.04
Fog 37.4 1.05 103.5 1.24
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biogenic activity, large emissions of biological volatile compounds and
active solar radiation, especially in forested regions (Manninen et al.,
2010). The solar radiation, as the driving force of NPF, provides more
efficient photochemistry that promotes the formation of condensable
vapors, such as sulfuric acid (Jaatinen et al., 2009; Pierce et al., 2014).
Furthermore, other studies have demonstrated that NPFs favor condi-
tions with stronger solar radiation, sufficient amounts of precursors,
low-volatility organic condensable materials and low concentrations of
preexisting aerosols (Pierce et al., 2014). Moreover, at our sample site
in Shanghai, the NPF events occurred mainly at noon and continued for
more than 2 h, sometimes up to 6–8 h. In addition, 40 NPF events were
recorded in July and August, constituting 45% of the total NPF days.
These events mainly happened in the morning (9:00–10:00 LT) and
ended in the afternoon, continuing for more than 4 h.

3.3.1. Condensation sinks and coagulation sinks
Table 3 shows that the value of the calculated CS varies from

1.05×10−2 to 1.88×10−1 s−1 in NPF events during the four seasons,
with a mean value and standard deviation of 5.31 (± 2.88)×10−2 s−1.
The highest CS occurred in winter, with a mean value and standard

deviation of 8.26 (± 4.72) ×10−2 s−1. The mean CS value in Shanghai
was considerably higher than that in other urban areas, for instance
1.43×10−2 s−1 in Paris (Dos Santos et al., 2015), 9.9×10−4 s−1 in
Beijing (Wu et al., 2011) and 1.6×10−2 s−1 in Budapest (Salma et al.,
2011). The CoagS values calculated during NPFs for particle sizes of
2 nm, 15 nm, 100 nm and 1000 nm are presented in Table 4. Here, the
CoagS calculated from the CS using a diameter of 15 nm in formula (5)
ranged from 2.6×10−4 to 6.3×10−4 s−1, with the minimum value ob-
served in summer and maximum in winter. It is obvious that the mean
coagulation sink in summer was lower than that during the other sea-
sons, which is in accordance with the high frequency of NPFs and the
higher number concentration of nucleation particles.

3.3.2. Growth rate and formation rate
The resultant GR was 0.1–15.5 nm h−1 with an average of

6.28 nm h−1, which was within the range of the typical particle GR of
0.1–20 nm h−1 for global clean and polluted environments. Higher GR
values have been observed in New Delhi (11.6–18.1 nm h−1) and
Mexico City (0.5–9 nm h−1) (Dunn et al., 2004; Mönkkönen et al.,
2005). Comparable GR values have been measured in Beijing
(4 nm h−1) as well as in Taicang (3.6–7.4 nm h−1) and Shanghai
(3.3–5.5 nm h−1) (Gao et al., 2009; Yue et al., 2009; Du et al., 2012).

Fig. 5. Monthly frequency of new particle formation (NPF) event days.

Table 3
Condensation sink during NPF events in four seasons.

Condensation Sink (s−1)

Season Minimum Maximum Mean Standard Deviation

spring 1.05×10–2 7.37×10–2 4.84×10–2 2.53×10–2

summer 1.54×10–2 6.27×10–2 3.37×10–2 1.20×10–2

autumn 1.11×10–2 9.11×10–2 4.75×10–2 2.42×10–2

winter 2.16×10–2 1.88×10–1 8.26×10–2 4.72×10–2

Table 4
Coagulation sink during NPF events in four seasons.

Season Coag2 (s−1) Coag15 (s−1) Coag100 (s−1) Coag1000 (s−1)

spring 9.2× 10−3 3.7× 10−4 1.8× 10−5 4.4×10−7

summer 6.4× 10−3 2.6× 10−4 1.2× 10−5 3.1×10−7

autumn 9.1× 10−3 3.6× 10−4 1.7× 10−5 4.4×10−7

winter 1.57× 10−2 6.3× 10−4 3.0× 10−5 7.6×10−7
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Nevertheless, as for the formation rate, this calculation may greatly
underestimate the particle production rate when the total particle
number concentration is fairly high. Limited by the actual conditions of
the measuring instruments, here, we only calculated the J15 of nu-
cleation particles during NPFs (Table 5). The average J15 was 0.37
(± 0.5) cm−3 s−1, which is far smaller than that in New Delhi
(3.3–13.9 cm−3 s−1), Atlanta (20-70 cm−3 s−1) and Beijing
(6 cm−3 s−1) and is close to that reported in Taicang
(1.2–2.5 cm−3 s−1), a small city in the northwest of Shanghai (Kulmala
et al., 2004a; Mönkkönen et al., 2005; Gao et al., 2009; Yue et al.,
2009).

3.4. The potential role of VOCs in NPF events

Previous studies using field measurements and laboratory studies
have shown that BVOCs and AVOCs are largely involved in the nu-
cleation process and potentially contribute to NPF (Kulmala et al.,
2004a; Hatch et al., 2011; Guo et al., 2012). In this study, we mainly
focused on the role of VOCs among NPFs in urban environment. The
top-10 main components of atmospheric VOCs in Shanghai are ethane,
propane, toluene, acetylene, ethylene, n-butane, 1-butane, m, p-xy-
lenes, benzene and ethylbenzene, and the average concentrations
ranges from 0.74 ppbv to 3.33 ppbv. Fig. 6 displays the average con-
centrations of the main VOC species during three seasons since the data
for autumn are missing. All major VOC species reached their maximum
concentration in winter because the meteorological conditions in-
hibited the diffusion of pollutants. Direct measurements in a boreal
forest environment have shown a clear positive correlation of the GR of
the nucleation particles with monoterpene, which is a dominant group
of BVOCs emitted from vegetation (Tatekawa et al., 2011). While the
findings of Wang et al. (2015) suggest that the effect of monoterpenes
on NPF is not clear in a polluted urban environment, the light intensity

becomes a more important factor. Yao et al. (2018) conducted long-
term measurements in Shanghai and found that NPF events were fa-
vored on days with high sulfuric acid concentration, stronger solar ra-
diation, higher concentration of O3, lower relative humidity, and less
NOX. These authors also discovered that the NPFs in Shanghai were
generally induced by photochemical reactions. (Yao et al., 2018).

In this study, some continuous NPF events were recorded, and a
typical example is an episode that took place from the 6th to the 13th of
August with an average NPF events growth rate of 2.69 nm h−1. Fig. 7
displays the aerosol size spectra, PM2.5, gas pollutants and meteor-
ological conditions during this period. The wind frequently changed
direction, and the average wind speed was 4.2 m s−1. RH rarely ex-
ceeded 80%. SO2 and NOX shared the similar diurnal variation pattern,
with two peaks in the morning and evening commuting peak hours and
one low value in between. There was a small time delay of approxi-
mately half an hour after reaching the morning rush hour before an
increase in nucleation particles, which may be the time that the newly
formed particles took to grow into a detectable size. Since sulfuric acid
has been discovered would participates in the nucleation and growth of
clusters, and SO2 is needed for the production of sulfuric acid as well
(Yao et al., 2018). In addition, anthropogenic and biogenic VOCs with
nitrogen oxides (NOX) are vital precursors of surface-level ozone, and
the oxidation products of photochemical reactions play an important
role to some extent in nucleation events (Guo et al., 2012). Surface-
level ozone should be the precursor of NPF since it is involved in pro-
ducing condensable species by reacting directly with VOCs and in-
directly with generating oxidants, such as OH and HO2, via photolysis
(Jaatinen et al., 2009).

Mononuclear aromatics that originate mainly from similar sources,
with the largest fractions derived from traffic emissions, are re-
presentative of VOC species emitted from anthropogenic activities in
megacities (So and Wang, 2004). During this study, we observed en-
hanced concentrations of benzene and toluene, two typical anthro-
pogenic aromatics, which coincided approximately with NPF events.
Since the ratios of the two VOC species from common sources would
not be affected by the mixing processes and photochemical reactions
after they are emitted into the atmosphere, the mean ratio of toluene to
benzene (T/B) represents the evaporation loss during refueling, storage
and car exhausts. During this measurement period, the value of T/B was
2, which is typically characteristic of traffic emissions (Rappengluck
et al., 1998). Additionally, a similar characteristic has also been

Table 5
Growth rate and formation rate during NPF events.

Growth rate (GR) and Formation rate (J15)

Minimum Maximum Mean Standard deviation

GR (nm hour−1) 0.10 15.50 6.28 5.16
J15 (cm−3 s−1) 0.02 2.54 0.37 0.50

Fig. 6. Mean concentrations of top-10 typical VOCs species in spring, summer and winter.
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Fig. 7. Contour plots of particle number size distribution, meteorological conditions and concentrations of several gas pollutants and two VOCs species during 6–13
August in Shanghai.
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reported in laboratory studies, where anthropogenic aromatic photo-
oxidation can drive nucleation and growth with or without H2SO4

(Metzger and Finlayson-Pitts, 2010). It is apparent that there is a re-
lationship between aromatic hydrocarbons and the drivers of NPF
events. Direct evidence of the participation of organic vapors in the
nucleation process has already been discovered, where homomolecular
nucleation of aromatic acids and sulfuric acid promoted efficient het-
eromolecular nucleation (Zhang et al., 2004b). Therefore, we suggest
that mononuclear aromatics as organic vapors may, to some extent,
contribute to the initial growth of the nucleation process. Furthermore,
further research is needed to analyze the adsorption and heterogeneous
reactions of organic vapors for subsequent particle growth.

We compared the GR to the concentrations of several VOCs during
the study period (Fig. 7) and produced linear correlations of gaseous
pollutants, metrological parameters, CS, and anthropogenic VOCs with
the GR and CS for all observed NPF events (Table 6). Clearly, no notable
correlations exist between GR and VOCs (R < 0.3). This noncorrela-
tion situation may be caused by the uncertainty in the calculated GR.
Other studies have encountered the same situation, where the corre-
lation between GR and monoterpene was weak in most situations, and a
positive correlation occurred only under specific temperature condi-
tions and particle size ranges (Tatekawa et al., 2011). According to the
binary and ternary nucleation models, some researches discovered that
NPFs are highly dependent on H2SO4 and are dominated by other
precursors such as NH3 and VOC (Shen et al., 2016). Furthermore,
Wang et al. (2015) recently discovered that the growth of nucleation
particles was impacted by organic precursors based on a positive cor-
relation between the growth rates and the organic vapors oxidized by
ozone. Jiang et al. (2018) studied NPF in the photo-oxidation of aro-
matic hydrocarbons and discovered that, because of the neutrality of
PM2.5, the aggregation between VOC and VOC, VOC and sulfuric acid,
VOC and ammonia and VOC and amines is caused by stable hydrogen
bonding, while the aggregations among sulfuric acid, ammonia and
amines are caused by the irreversible chemical reaction. In general, NPF
events favor conditions with more intense solar radiation, sufficient
amounts of precursor low-volatility organic condensable materials and
low concentrations of preexisting aerosols (Pierce et al., 2014). In
summary, the NPF events in Shanghai are, to a large degree, impacted
by the mononuclear aromatics (e.g., Benzene, Toluene) from traffic
emissions, but this influence is limited and results in weak correlations
(R= 0.2–0.32) due to other changeable metrological factors. However,
further evidence from smog chamber studies or molecular-level studies
should be provided, and the exact contribution of VOCs to the forma-
tion and growth new particles is yet to be elucidated.

4. Summary and conclusions

A 1-year dataset of particle number size distributions measured in
Shanghai in 2013 was used to explore the role of VOCs in NPF events in
urban environments. The results show that Aitken particles play the
leading role in the fluctuations of the total particle loadings, making up
60–70% of the total. The particle number size distributions have a si-
milar pattern to diurnal variations in spring, autumn and winter, and an
apparent ‘banana’ shape in summer. NPFs usually begin in the late
morning and end in the afternoon. In total, 89 events were observed
during the measurement period, accounting for 27% of the effective

days. There is no clear correlation between the growth rate of NPFs and
VOCs; however, an apparent good correlation was observed between
nucleation particles and anthropogenic aromatic VOCs of benzene and
toluene from traffic emissions.

This study sheds light on aerosol size distributions and NPF events.
Although anthropogenic VOCs such as aromatics are known to con-
tribute to the growth of newly formed particles, to better understand
the role of VOCs in NPFs, more long-term measurements and additional
modeling work should be conducted in the future.
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