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Abstract

New particle formation (NPF) events and their impacts on cloud condensation nuclei
(CCN) were investigated using continuous measurements collected in urban Shang-
hai from 1 to 30 April 2012. During the campaign, NPF occurred in 8 out of the 30
days and enhanced CCN number concentration (NCCN) by a factor of 1.2–1.8, de-5

pending on supersaturation (SS). The NPF event on 3 April 2012 was chosen as an
example to investigate the NPF influence on CCN activity. In this NPF event, sec-
ondary aerosols were produced continuously and increased PM2.5 mass concentration
at a rate of 4.33 µg cm−3 h−1, and the growth rate (GR) and formation rate (FR) were
on average 5 nm h−1 and 0.36 cm−3 s−1, respectively. The newly formed particles grew10

quickly from nucleation mode (10–20 nm) into CCN size range. NCCN increased rapidly
at SS of 0.4–1.0 % but weakly at SS of 0.2 %. Correspondingly, aerosol CCN activities
(fractions of activated aerosol particles in total aerosols, NCCN/NCN) were significantly
enhanced from 0.24–0.60 to 0.30–0.91 at SS of 0.2–1.0 % due to the NPF. On the basis
of the κ-Köhler theory, aerosol size distributions and chemical composition measured15

simultaneously were used to predict NCCN. There was a good agreement between the
predicted and measured NCCN (R2 = 0.96, Npredicted/Nmeasured = 1.04). This study re-
veals that NPF exerts large impacts on aerosol particle abundance and size spectra,
thus significantly promotes NCCN and aerosol CCN activity in this urban environment.
The GR of NPF is the key factor controlling the newly formed particles to become CCN20

at all SS levels, whereas the FR is an effective factor only under high SS (e.g. 1.0 %)
conditions.

1 Introduction

Atmospheric aerosols exert great impacts on global climate by affecting the earth’s ra-
diation balance through directly scattering and absorbing solar and terrestrial lights,25

and indirectly modifying cloud by acting as cloud condensation nuclei (CCN) (Charl-
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son et al., 1992; Lohmann et al., 2005). The indirect effect of primary and secondary
aerosols brings up the largest uncertainty to predictions of aerosol radiative forcing and
global climate change (IPCC, 2013). So far, many studies of field observation and mod-
eling have found that new particle formation (NPF) significantly impacts aerosols and
CCNs at worldwide locations (Ghan et al., 2001; Spracklen et al., 2006, 2008; Zhang5

et al., 2010).
Normally, NPF in the atmosphere is identified as the nucleation of gas phase precur-

sors and subsequent condensational growth, which is a crucial secondary transforma-
tion course (Birmili et al., 2000; Kulmala et al., 2004). In fact, NPF consists of a complex
set of procedures, including the formation of nanometer-size clusters from gaseous va-10

pors, the growth of these clusters, the removal of growing clusters by coagulation with
pre-existing particles, and the further growth of survived clusters into aerosol particles,
some of which are large enough to become CCN (McMurry et al., 1983, 2005; Weber
et al., 1996). The NPF event can be effectively characterized by the formation rate (FR)
of nucleation mode particles and the growth rate (GR) of freshly nucleated particles15

(Kulmala et al., 2012). On the basis of over 100 field measurements summarized by
Wang et al. (2013), significant gaps still exist regarding both formation and growth rate
outputs. For example, the GR varied in the range of 1–20 nm h−1 and the FR in 0.01–
10 cm−3 s−1. Condensable gaseous precursors and their coagulation sink responsible
for NPF are commonly high in megacities of developing countries (Mönkkönen et al.,20

2005; Wu et al., 2007). Gaseous sulfur is proved to play a vital role in nucleation pro-
cess (Petäjä et al., 2009; Kulmala et al., 2013), and atmospheric ammonia participates
homogeneous nucleation with gaseous sulfur acid and water vapor because of sig-
nificantly low surface pressure of gaseous sulfuric acid molecular (Smith et al., 2004;
Sakurai et al., 2005; Gaydos et al., 2005). In addition, there are other species respon-25

sible for NPF such as amines (Yu et al., 2012; Benson et al., 2011), low-volatile organic
vapors (Metzger et al., 2010; Paasonen et al., 2010; Riipinen et al., 2011; Ehn et al.,
2014) and iodine compounds (O’Dowd et al., 2002; Vuollekoski et al., 2009).
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The newly formed particles from atmospheric nucleation are often able to grow into
CCN size and further influence cloud properties or even global climate (Kerminen
et al., 2005; Laaksonen et al., 2005; Wiedensohler et al., 2009). Kerminen et al. (2012)
presents a synthesis of our current (by the end of 2012) knowledge of CCN production
associated with atmospheric nucleation, and concludes that CCN production asso-5

ciated with atmospheric nucleation is both frequent and widespread phenomenon in
numerous types of continental boundary layers, and probably also for a large fraction
of the free troposphere. The latest model results show that the NPF events contribute
much more to global aerosol number burden than primary emissions (Merikanto et al.,
2009; Yu et al., 2008). Under numerous atmospheric conditions aerosol has a positive10

feedback to CCN number concentration (NCCN) (Ramanathan et al., 2001; Laaksonen
et al., 2005), and NCCN usually exhibits a significant increase after NPF (O’Dowd et al.,
2001; Lihavainen et al., 2003; Kuwata et al., 2008; Yue et al., 2011). Due to various
chemical species involved in NPF, the extent of NPF effects on CCN varied temporarily
and spatially (Spracklen et al., 2008; Pierce and Adams, 2009). The long-term NPF15

observations were mainly conducted in Europe and North America, whereas little has
been done in developing countries (Wang et al., 2013). To date, only a few studies
have concerned NPF and its interaction with CCN in China. Yue et al. (2011) reported
that the GR of sulfur-poor NPF was on average about 80 % larger than that of sulfur-
rich NPF, and the NPF events increased CCN by 0.4–6 times in Beijing, where various20

source apportionment of PM2.5 was reported by Zhang et al. (2013). Wiedensohler
et al. (2009) found that the CCN size distribution is dominated by the growing nucleation
mode in Beijing, which accounted up to 80 % of the total CCN number concentration,
in contrast to the usually found phenomenon of the dominance by the accumulation
mode.25

In the present study, we analyze a comprehensive dataset of 1 month simultaneous
measurements of aerosol size spectra, NCCN, black carbon (BC), water-soluble ions
and gaseous pollutants to understand the NPF events and their impacts on NCCN and
aerosol CCN activity in an urban environment of Shanghai, one of the largest cities
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in China. A closure study between predicted and measured CCNs is also conducted
to investigate the influence of aerosol chemical composition on its growth to CCN. An
effective CCN prediction model is further developed based on model-measurement
comparison results.

2 Experimental5

2.1 Observational site

All instruments were mounted on the roof of one building approximately 20 m above the
ground in the campus of Fudan University (31◦18′ N, 121◦29′ E) located in Shanghai.
The observational site is mainly surrounded by urban residential areas, where no large
local emission was detected during this study. The East China Sea is approximate10

40 km east of the site. Except CCN, other measurements conducted synchronously,
including aerosol number size distribution (condensation nuclei (CN) of 10–800 nm),
major inorganic water-soluble ions in aerosol particles, gaseous pollutants and meteo-
rological factors. Local time (LT) used in this study is eight hours ahead of UTC.

2.2 Measurement and instrumentation15

A CCN counter (CCN-100, DMT, USA) with continuous flow and single column (Roberts
and Nenes, 2006; Lance et al., 2006) was employed to monitor CCN concentrations
at supersaturated conditions (SS in the range of 0.07–2 %). Before the campaign, the
instrument was calibrated for SS using standard (NH4)2SO4 particles. To maintain sta-
ble SS, according to the instrument operation manual, regular calibrations were also20

performed for temperature gradient, input and shear airflows and pressure (Leng et al.,
2013). In addition, periodic zero checks were done to ensure counting accuracy for
optical particle counter (OPC) installed inside the CCN counter. The ambient aerosol
was firstly dried by a dryer (active carbon) to lower relative humidity (RH) below 30 %,
and subsequently introduced into the CCN counter (Leng et al., 2013).25
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Aerosol particle size distributions in the size range of 10–800 nm were measured
using a high-resolution scanning mobility particle sizer (SMPS, TSI 3080, USA). Before
and after the field campaign, the instrument was calibrated to maintain accurate particle
sizing.

BC was measured by an online monitor of Aethalometer (AE-31, Magee Scientific5

Co., Berkeley, California, USA) at a 5 min time resolution and a 5 L min−1 airflow rate.
According to the strong ability of BC light absorption at near infrared wavelengths
(Hansen et al., 1984; Weingartner et al., 2003), BC mass is determined using the
light attenuation at 880 nm and the appropriate specific attenuation cross section pro-
portional to BC (Petzold et al., 1997). The attenuation can be calculated based on the10

intensity difference of reference and sensing beams between light on and off (Dumka
et al., 2010). In order to screen the impacts of other absorptive material, the data con-
taminated by mineral and dust aerosols were excluded from BC measurements. Details
for instrument operating and calibrating can be found in Cheng et al. (2010).

A monitor of aerosols and gases (MARGA, ADI 2080, Netherlands) was employed15

to measure the mass concentrations of major inorganic water-soluble ions (Na+, K+,
Mg+, Ca+, SO2−

4 , Cl−, NO−
3 and NH+

4 ) in ambient aerosol particles at a 1 h time resolu-
tion. The methods of sampling, operation and internal calibration of the MARGA were
described in Du et al. (2011).

Moreover, a continuous ambient particulate monitor (FH62C14, Thermo) was used20

to measure PM2.5 (particles in aerodynamic diameter less than 2.5 µm) concentra-
tion online. An automatic weather station client (HydroMetTM, Vaisala) and a visibility
monitor (Vaisala) were employed to collect the data of meteorological variables and
atmospheric visibility.
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3 Results and discussion

3.1 Overview of the entire period

The ground-based measurements contained NCCN at SS of 0.2–1.0 %, aerosol size
spectra, atmospheric visibility, PM2.5, BC, aerosol inorganic water-soluble ions and SO2
and were conducted during the period of 1–30 April 2012. Figure 1 describes the gen-5

eral meteorological conditions (e.g. wind speed, wind direction, RH and temperature)
for the entire period. Wind frequently changed direction and were mostly weaker than
6 m s−1. There was no significant precipitation in this month and RH seldom exceeded
90 %. Temperature generally varied between 10–25 ◦C.

Figure 2 shows the temporal variations of 5 min mean SO2, PM2.5 concentration and10

atmospheric visibility for the entire period. In general, PM2.5 and visibility were neg-
atively correlated and averaged 70±60 µg m−3 and 24.3±23.7 km, respectively. The
maximum and average of PM2.5 in the current study is of less magnitude than those
measured in a previous study in 2006 in this urban environment which showed a range
of 17.8–217.9 µg m−3 and an average of 94.6 µg m−3 (Wang et al., 2006). PM2.5 fre-15

quently experienced a clear inter-day oscillating with a similar intra-day cycle. PM2.5
can reflect the variations of ambient particulate pollutant loadings in the boundary
atmosphere layer, and can be viewed as an additional proxy of pre-existing particle
amounts for identifying NPF. In a broad view, atmospheric visibility frequently declined
to be less than 10 km, revealing heavily polluted episode occurrences (e.g. haze). In20

fact, the haze or hazy days accounted for 50 % of the study period, during which atmo-
spheric visibility was on average 5.65 km, while it was 24.3 km on average for the rest
of the days.

3.1.1 New particle formation event

It has been widely accepted that the key criterion for discerning an NPF event is to25

identify an acute burst of nucleation mode particles, known as newly formed particles
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up to detectable size of 3 nm exceeding the background level and lasting for several
hours and subsequent growth in mean particle size (Birmili and Wiedensohler, 2000;
Kulmala et al., 2004, 2012; Vakkari et al., 2011). The supplementary criterions are
also needed for identifying NPF, such as low pre-existing particle loading, an apparent
“banana” shaped particle number concentration as a function of time and size, and5

favorable weather conditions essential for excluding pre-existing particle disturbance
particularly in urban environment (Shi et al., 2001; Heintzenberg et al., 2007; Olofson
et al., 2009). In this study, although the SMPS is only capable of capturing particles no
less than 10 nm, the aerosol size spectra from the SMPS measurements was available
to determine NPF and to calculate the FR and GR of NPF.10

In this study, the days with distinct bursts of nucleation mode (10–20 nm) particles
lasting for at least 1.5 h from their initial outbreak to maximum in number concentra-
tion, and with apparent growth to larger sizes (e.g. 20–50 nm) for a few hours, were
defined as effective NPF days. The rest of the days were defined as non-NPF days.
Figure 3 shows the 1 month series of aerosol size distribution, 5 min mean total (Ntotal)15

and nucleation mode (N10–20 nm) aerosol number concentration and 1 h mean CCN
concentration. On a whole, 8 out of the 30 days were characterized as the NPF days,
which represented an occurrence frequency of 27 % and was much higher than the
5.4 % measured by Du et al. (2012) at the same site in winter.

3.1.2 Formation and growth rate20

Formation and growth rates are two essential factors characterizing NPF events (Yue
et al., 2011; Kulmala et al., 2012). The FR rate is theoretically defined as the mean
increase rate of nucleation mode particle in number concentration as a function of time
(dNnucleation/dt) during the nucleation stage of a NPF event. In this paper, due to the
losses of newly-formed nucleated particles caused by coagulation, and the measure-25

ment unavailable for 3–10 nm particles, this calculation only yielded an “apparent par-
ticle formation rate (APFR)” (Du et al., 2012). It should be noted that this APFR would
be an underestimate in comparison with the actual FR rate. On the other hand, the
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GR rate refers to the mean size growing rate of nucleated particles in geometric mean
diameter as a function of time during the growth stage of a NPF event, which has been
described in details elsewhere (Kulmala et al., 2001, 2004b; Dal Masol et al., 2005).
The mode diameter, namely a calibrated geometric mean diameter automatically made
by SMPS itself for all aerosol size bins instead of only for nucleated particles, is used5

to calculate particle growth rate in this study. Similarly, this calculation produces an
“apparent particle growth rate (APGR)”. The APGR would be an overestimate in com-
parison with the real GR rate due to inclusion of the GR rate caused by coagulation,
which is not related to particle mass increases (Kerminen and Kulmala, 2002).

The mean FR and GR rates of NPF events were 0.40 cm−3 s−1 and 4.91 nm h−1,10

respectively, during the whole campaign. The FR and GR rates showed a strong loca-
tion dependence, for example, higher FR and GR have been observed in New Delhi
(3.3–13.9 cm−3 s−1, 11.6–18.1 nm h−1) and Atlanta (20–70 cm−3 s−1), while compara-
ble FR was measured in Beijing (6 cm−3 s−1, 4 nm h−1) for sulfur-rich aerosol type and
(2 cm−3 s−1, 6 nm h−1) for sulfur-poor aerosol type and in Shanghai (3.3–5.5 nm h−1)15

(Kulmala et al., 2004; Mönkkönen et al., 2005; Yue et al., 2011; Du et al., 2012).

3.1.3 NPF impacts on aerosol CCN activity

Pierce and Adams (2007) are the first ones that present the full theoretical framework
on the efficiency of CCN production resulting from nucleation. To explore the NPF po-
tential influence on CCN, we further examined the impacts of FR and GR rates in NPF20

events on NCCN and aerosol CCN activity. Table 1 summarizes the NCCN enhancement
ratios for different FR and GR levels during the entire campaign.

It has been widely recognized that NCCN is positively correlated to NCN under var-
ious atmospheric conditions (Ramanathan et al., 2001; Laaksonen et al., 2005), and
enhancements on NCCN are expected after NPF events (O’Dowd et al., 2001; Kuang25

et al., 2009; Yue et al., 2011). Theoretically, the high FR rate produces more secondary
aerosol particles (i.e. NCN), which may subsequently impact NCCN if new particles grow
into greater sizes (Ghan et al., 2001; Spracklen et al., 2006, 2008; Zhang et al., 2010).
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In this paper, however, NCCN was insensitive to the FR rate of NPF at SS of 0.2–0.8 %,
as indicated by the small differences in NCCN enhancement ratios under various FR
and SS values. This finding agrees with the results of earlier studies that the nucle-
ation of newly formed particles within the boundary layer poses a minor impact on
NCCN. Carslaw et al. (2007) found that NCCN increased only by 12–17 % after a two5

order of magnitude increase of nucleation rate in central Europe. A similar result has
been reported in Beijing (Yue et al., 2011). The possible explanation is in two aspects.
The first one is due to the two separate and self-governed processes in particle for-
mation and subsequent growth. A high formation rate does not necessarily correspond
to a high GR rate since the newly formed particles may not grow into CCN size with10

insufficient time period. The second one is due to coagulation process between parti-
cles which leads to reduced NCN and further lowers NCCN enhancement ratios. In fact,
the impact of FR in NPF on NCCN enhancement increased with SS (Table 1). The lower
critical dry diameter under higher SS for a given aerosol particle was probably the main
reason. For example, according to the κ-Köhler theory (Köhler, 1936; Petters and Krei-15

denweis, 2007), pure NaCl particles can act as CCN only at 65 nm under SS 0.2 %,
while it can be activated at 22 nm under SS 1.0 %. Presumably, with the presence of
an unrealistic high SS where all nucleation mode particles (10–20 nm) are activated,
the formation rate would be one controlling factor.

On the other hand, what controls a newly formed particle to become a CCN is its20

survival probability whether it has enough time to grow into thermodynamic stable size
by competing with the capture and removal of pre-existing particles (Kerminen et al.,
2001; Pierce and Adams, 2007; Zhang et al., 2012). Toward to this end, the aerosol
GR rate of NPF responsible for this survival probability was observed to exert a valid
effect on NCCN enhancement ratios. As was found in this study, the NCCN enhancement25

ratios at larger GR rate were higher than those at lower GR rate by a factor of 1.06–1.13
depending on SS.

Overall, the NCCN enhancement ratios due to NPF varied as a function of FR and GR
rates and SS. In real atmosphere, SS varys from exceeding 1.0 % in clean-air stratus
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cloud to slightly less than 0.1 % in polluted conditions (Hudson and Noble, 2014). FR
may logically play a vital role in CCN production in the clean-air stratus cloud while
exert a minor impact in polluted conditions. GR is invariably the most important factor
in controlling the extent of newly formed particles in becoming CCN during NPF.

3.2 Characteristics of the typical NPF5

3.2.1 Enhancement of nanoparticles

The NPF event spanning the period from 10:00 LT on 3 April to 04:00 LT on 4 April is
analyzed in detail to shed some light on the relationship between NPF and CCN. This
NPF event was identified to consist a nucleation stage (10:00–13:00 LT) and a growth
(13:00–04:00 LT) stage (Fig. 4).10

Before 10:00 LT on 3 April, PM2.5 was below 20 µg m−3 due to the relatively strong
wind speed (e.g. 6 m s−1) favoring pollutant dispersion. BC was less than 1 µg m−3

and atmospheric visibility exceeded 30 km (Figs. 5 and 6). Apparently, the pre-existing
particles of nucleation mode (10–20 nm) were low (Fig. 7). Newly formed particles in-
creased quickly in just 1.5 h from the initial outbreak to the maximum concentration15

of 1800 cm−3 (Fig. 7). During the same time period, NCN increased from 15 000 to
25 000 cm−3. The newly formed particles grew in size in the following periods (the
growth stage) due to condensation, heterogeneous reactions of chemical compounds
and coagulation between particles (Wang et al., 2010). The temporal variations of me-
dian, geometric mean and mode diameters for the measured aerosol population are20

given in Fig. 7. In general, these three diameters were strongly correlated with each
other and increased in size ever since the nucleation burst occurred. During this period,
the wind speed was mostly less than 2 m s−1, implying a weak atmospheric dilution of
pollutants. PM2.5 increased after 17:00 LT on 3 April, showing a significant enhance-
ment from 38 to 86 µg m−3. In addition, BC correlated well with PM2.5, and they both25

reduce atmospheric visibility.
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3.2.2 Insights into chemical species involved

Several factors likely determine if a chemical species is to act as nucleation precursor,
including its abundance, reactivity and volatility (Zhang et al., 2012). Gaseous H2SO4
has been proved to be a key precursor participating in nucleation process due to its
low volatility (Petäjä et al., 2009; Kulmala et al., 2013), and a necessary condition5

for new particle formation is for its molecular concentration exceeding 105 cm−3 in at-
mosphere (Weber et al., 1999; Nieminen et al., 2009). The condensation of gaseous
H2SO4 together with subsequent neutralization with ammonia plays a dominant role in
the growth of Aitken mode particles, whereas it exerts little contribution to the growth
of particles in accumulation mode (Zheng et al., 2011).10

However, direct measurement of sulfuric acid in ambient air is still challenging, ap-
propriate proxies are needed. Petäjä et al. (2009) measured the sulfuric acid and OH
concentration in a boreal forest site in Finland and successfully developed three rea-
sonable proxies for sulfuric acid concentration by using the measured time series as
a foundation. Their proxies refer to source (i.e. gaseous SO2, hydroxyl radical, solar15

radiation in 280–320 nm range, and global radiation) and sink (i.e. condensation sink)
terms, and the simplest one is the radiation times SO2 divided by condensation sink.
In this paper, the source and radiation terms are unavailable, one may plausibly con-
jecture similar promotion of H2SO4 on the basis of its gaseous precursor (e.g. SO2)
evolution (Zhang et al., 2012).20

SO2 +OH
O2H2O−−−−−→ H2SO4

The particle nucleation event showed a burst of 10–20 nm particles when SO2
peaked at 10:00 LT on 3 April, with its mass and molar concentrations exceed-
ing 4.1 µg m−3 and 3.8×1010 cm−3, respectively (Fig. 8). Afterwards, SO2 underwent25

a gradual decrease down to 1.5 µg m−3, and SO2−
4 correspondingly increased from 8 to

10 µg m−3. The good agreement between SO2 and nucleation mode particles denotes
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the key role of gaseous sulfur in controlling particle nucleation (Kulmala et al., 2013;
Zhang et al., 2012).

Besides gaseous sulfur, other nucleation precursors have been proposed to involve
in the critical nucleus formation in numerous environment conditions (Zhang et al.,
2012; Riipinen et al., 2011). For example, atmospheric ammonia can significantly lower5

the surface vapor pressure of gaseous sulfuric acid molecular and participate homoge-
neous nucleation with gaseous sulfur acid and water vapor. According to the classical
ternary homogeneous theory developed recently, the presence of ammonia in ppt level
significantly enhances nucleation rates (Yu et al., 2006). Many field measurements and
laboratory simulations have corroborated the crucial role of ammonia in the growth of10

newly formed particles (Smith et al., 2004; Sakurai et al., 2005; Gaydos et al., 2005).
Though experimental evidence seems very limited, nitrate has been reported as a cru-
cial contributor to nanoparticle growth, especially for 10–30 nm particles where nitrate
is dominant (Hildebrandt et al., 2012). Riipinen et al. (2011) combined observations
from two continental sites to show that condensation of organic vapors (i.e. non-volatile15

and semi-volatile species) is a crucial factor governing the lifetimes and climatic impor-
tance of the smallest atmospheric particles. Ehn et al. (2014) find that several biogenic
VOCs (e.g. monoterpenes) form large amounts of extremely low-volatility vapours and
further demonstrate that these low-volatility vapours can enhance (or even dominate)
the formation and growth of aerosol particles over forested regions. In this paper, NO−

320

increased by a factor of 1.33 and NH+
4 increased by a factor of 1.45 during the case

NPF event, indicating that the particle growth is partly driven by the condensation of
atmospheric precursors (Fig. 8).

3.2.3 Aerosol CCN activity enhancement

Figure 9 shows the temporal evolutions of NCCN and aerosol CCN activity at SS of 0.2–25

1.0 % for the entire period. The enhanced NCN and reduced aerosol CCN activity, asso-
ciated with nucleation mode particle burst, was observed between 10:00 and 13:00 LT
on 3 April. In contrast to NCN which increased immediately after the burst of nucleation
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mode particles, there was a 4 h delay in the increase of NCCN. As the newly formed
particles grew into larger sizes, both NCCN and aerosol CCN activity increased at vari-
ous stages under different SS. At a SS higher than 0.4 %, NCCN peaked at 20:00 LT on
3 April. NCCN greatly promoted from 8000–12 000 cm−3 to 13 000–20 000 cm−3 under
higher SS, however, only slightly from 6000 to 7000 cm−3 under lower SS (e.g. 0.2 %).5

Larger critical dry diameter corresponding to lower SS should be the main reason. For
example, the critical dry diameter for pure (NH4)2SO4 particle was 83 nm at SS of 0.2 %
and was only 29 nm at SS of 1.0 %. The newly formed particles rarely grew larger than
83 nm in size in this NPF event, hence less NCCN enhancement was expected at SS
of 0.2 %. In summary, the NCCN enhancement ratios were 1.17–1.88 depending on SS10

value. In Beijing, a larger NCCN enhancement ratio of 1.4–7 was observed under SS of
0.07–0.86 % caused by NPF (Yue et al., 2011).

In comparison with NCCN, aerosol CCN activity was more sensitive to aerosol size
spectra and meteorology factors, which exerts a big complexity into the temporal varia-
tion of aerosol activation. Aerosol activities were effectively reduced by abundant ultra-15

fine aerosol particles (CCN-inert) produced during the nucleation period. The minimum
(0.2–0.6) of aerosol activities was found at 13:00 LT on April when the particle growth
started. Owing to the high survival probability of particles growing from nucleation mode
to accumulation mode (CCN size), aerosol activities began to increase at different steps
for varying SS and reached their maximums of 0.3–0.9 (0.2–1.0 % SS) at 04:00 LT on20

4 April, eight hours after NCCN peaked.

3.2.4 Towards CCN closure for NPF

A kappa value κ describing particle hygroscopiciy, firstly introduced by Petters and
Kreidenweis (2007), was employed here to get CCN closure study during NPF. Assum-
ing aerosol particle population is totally internal-mixed, the effective integrated κ can25
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be obtained through weighting their chemical compound volume factions,

κ =
∑
i

εiκi (1)

where εi is the volume fraction of chemical compounds in particles, and κi is the ef-
fective κ of individual chemical composition. This equation has been widely used and5

described in detail elsewhere (Petters and and Kreidenweis, 2008; Yue et al., 2011).
In this study, aerosol particle compositions were classified into three categories, and
κi and εi for individual composition are listed in Table 2, of which “others” refers to
PM2.5 − (SO2−

4 +NO−
3 +NH+

4 +Cl−+Na+), and is viewed as a chemical compound with
κi = 0 (Yue et al., 2011). As a result, in total, 83.2 % of the effective κ was explained by10

SO2−
4 +NO−

3 +NH+
4 , with their individual contributions of 37.4, 27.5 and 18.3 %, respec-

tively. The critical dry diameter for a particle to act as CCN at a SS can be determined
from an extended κ-Köhler theory, and the relevant Eq. (2) can be found in Petters and
Kreidenweis (2007).

S(D) =
D3 −D3

d

D3 −D3
d(1− κ)

exp
(

4σs/aMω

RTρωD

)
(2)15

where ρω is the density of water, Mω is the molecular weight of water, σs/a is the surface
tension of the solution/air interface, R is the universal gas constant, κ is the hygroscop-
icity parameter, T is temperature, D is the diameter of the droplet and S(D) is the
critical dry size under a given SS. The CCN population can be effectively viewed as20

a subset of measured aerosol size distributions since the operating range includes the
majority of atmospheric particles (10–800 nm). Computed for σs/a = 0.072 J m−2 and
T = 298.15 K, the predicted CCN number concentration can be calculated through in-
tegration between the bottom and top critical dry diameters.

Figure 10 provides correlation analysis for the hourly-averaged (N = 70) predicted25

and measured NCCN at SS of 0.2–1.0 %. The agreement was excellent between the
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predicted and measured NCCN, and a linear regression produced a slope of 0.98
and an intercept of −150 cm−3, with a correlation coefficient (R2) of 0.96. The ratio
of Npredicted/Nmeasured varied between 0.83 and 1.28 with an average of 1.04.

4 Conclusions

The new particle formation (NPF) events and their impacts on the abundance and5

properties of cloud condensation nuclei (CCN) were investigated using 1 month con-
tinuous measurements collected in downtown Shanghai from 1 to 30 April 2012. The
NPF events were observed in 8 out of the 30 days, and their formation and growth
rates were 0.60 cm−3 s−1 and 4.91 nm h−1 on average, respectively. The growth rate
is important in controlling the conversion of newly formed particles in NPF to possible10

CCN, whereas the formation rate is viewed as an effective factor only at higher SS (e.g.
1.0 %). This is due to the small critical dry diameters for particles to act as CCN under
high SS conditions.

The NPF event on 3 April 2012 showed that aerosol particle enhancement in number
concentration significantly relates to the length of nucleation period of NPF, and aerosol15

particle enhancement in mass concentration depends on the growth period. The nucle-
ation period leads to increased NCN and reduced aerosol activity, while the increases
in NCCN and aerosol activity occurred during the growth period. The newly formed par-
ticles needed enough time to grow into CCN size and thus NCCN had a delayed peak
compared to NCN.20

Closure between the measured and predicted NCCN is successful during the NPF
event (R2 = 0.96). SO2−

4 +NO−
3 +NH+

4 explained the majority of the effective κ, and
minimized the impact of lacking organic matter. An overestimation of 4 % for NCCN is
probably introduced by the following uncertainties: (1) aerosol assumed to be com-
pletely internal-mixed, which is an unrealistic condition and hardly realized in real at-25

mosphere, (2) errors introduced by κi for individual chemical composition, and (3) the
category “others” typically includes organic carbon (OC), elemental carbon (EC), hy-
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drophobic inorganic and other species. Among these other species there are water
soluble species contributing to CCN formation. For example, OC has an effective κ
value of roughly 0.1 and has been reported to be an important contributor to parti-
cle condensational growth. The reasonable closure identified in this study implies that
the detailed information of particle size spectra can build an effective CCN prediction5

model, and size plays a dominant role in aerosol activity during NPF.
It should be noted that the contribution of NPF to CCN has not been fully charac-

terized in this study. For example, the loss of nucleation mode particles by coagulation
and the impact of atmospheric dilution and boundary layer evolution on pre-existing
and newly formed CCN are unknown. To fully determine NPF contribution to CCN,10

additional information on size-resolved aerosol composition, size spectra for 3 nm or
smaller particles, atmospheric sink and physicochemical process will be needed.
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Table 1. Comparison of CCN enhancement ratios from NPF events with different FR and GR.

0.2 % 0.4 % 0.6 % 0.8 % 1.0 %

Enhancement ratio (FR> 0.40) 1.18 1.84 1.88 1.84 1.77
Enhancement ratio (FR< 0.40) 1.15 1.89 1.81 1.77 1.58
Enhancement ratio (GR> 4.91) 1.25 1.95 2.03 1.93 1.72
Enhancement ratio (GR< 4.91) 1.10 1.79 1.80 1.74 1.63
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Table 2. Effective hygroscopicity parameters (κ) and densities of the four category composi-
tions.

Species Data source κ Density (g cm−3)

Sulfate and nitrate SO2−
4 +NO−

3 +NH+
4 0.6 1.7

Sodium chloride Cl− +Na+ 1 2.2
Insoluble compounds Others 0 2.0
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Figure 1. Series of 10-min mean meteorological parameters over the 864 

entire campaign. 865 
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Figure 2. Series of 5-min mean SO2 and PM2.5 concentration and 874 

atmospheric visibility over the entire campaign. 875 
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Figure 1. Series of 10 min mean meteorological parameters over the entire campaign.
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Figure 1. Series of 10-min mean meteorological parameters over the 864 

entire campaign. 865 
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Figure 2. Series of 5-min mean SO2 and PM2.5 concentration and 874 

atmospheric visibility over the entire campaign. 875 

 876 

Figure 2. Series of 5 min mean SO2 and PM2.5 concentration and atmospheric visibility over
the entire campaign.
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Figure 3. Series of aerosol size distribution, 5-min mean total (Ntotal) and 888 

nucleation (N10-20nm) mode aerosol number concentration and 1-hour 889 

mean CCN concentration over the entire campaign.  890 

 891 
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 895 

 896 

Figure 4. Temporal evolution of aerosol size spectra, showing new 897 

particle formation and subsequent growth on 3 and 4 April 2012. 898 

Figure 3. Series of aerosol size distribution, 5 min mean total (Ntotal) and nucleation (N10–20 nm)
mode aerosol number concentration and 1 h mean CCN concentration over the entire cam-
paign.
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Figure 4. Temporal evolution of aerosol size spectra, showing new 897 

particle formation and subsequent growth on 3 and 4 April 2012. 898 

Figure 4. Temporal evolution of aerosol size spectra, showing new particle formation and sub-
sequent growth on 3 and 4 April 2012.
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Figure 5. Temporal evolution of main meteorological parameters during 906 

the new particle formation event on 3-4 April 2012. 907 
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Figure 6. Temporal evolutions of total aerosol number (CN), BC and 918 

PM2.5 concentrations during the new particle formation event on 3-4 April 919 

2012. 920 

Figure 5. Temporal evolution of main meteorological parameters during the new particle for-
mation event on 3–4 April 2012.
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Figure 6. Temporal evolutions of total aerosol number (CN), BC and 918 

PM2.5 concentrations during the new particle formation event on 3-4 April 919 
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Figure 6. Temporal evolutions of total aerosol number (CN), BC and PM2.5 concentrations
during the new particle formation event on 3–4 April 2012.
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Figure 7. Temporal evolutions of mode, median and diameters and 10-20 930 

nm particle concentration, showing the growth rate and formation of new 931 

particle on 3-4 April 20. 932 
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Figure 8. Series of SO2, SO4
2-

, NO3
-
 and NH4

+
 concentrations on 3 and 4 946 

April 2012. 947 

Figure 7. Temporal evolutions of mode, median and diameters and 10–20 nm particle concen-
tration, showing the growth rate and formation of new particle on 3–4 April 2012.
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Figure 7. Temporal evolutions of mode, median and diameters and 10-20 930 

nm particle concentration, showing the growth rate and formation of new 931 

particle on 3-4 April 20. 932 
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Figure 8. Series of SO2, SO4
2-

, NO3
-
 and NH4

+
 concentrations on 3 and 4 946 

April 2012. 947 

Figure 8. Series of SO2, SO2−
4 , NO−

3 and NH+
4 concentrations on 3 and 4 April 2012.
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Figure 9. Series of CCN concentration and CCN/CN on 3 and 4 April 964 

2012. 965 
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Figure 10. Scatterplots of predicted and measured CCN concentrations at 981 

different SS conditions, the red dash line represents y=x. 982 

Figure 9. Series of CCN concentration and CCN/CN on 3 and 4 April 2012.

18676

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/18641/2014/acpd-14-18641-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/18641/2014/acpd-14-18641-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 18641–18677, 2014

Impacts of new
particle formation on

aerosol CCN

C. Leng et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 948 

 949 

 950 

 951 

 952 

 953 

 954 

 955 

 956 

 957 

 958 

 959 

 960 

 961 

 962 

 963 

Figure 9. Series of CCN concentration and CCN/CN on 3 and 4 April 964 

2012. 965 

 966 

 967 

 968 

 969 

 970 

 971 

 972 

 973 

 974 

 975 

 976 

 977 

 978 

 979 

 980 

Figure 10. Scatterplots of predicted and measured CCN concentrations at 981 

different SS conditions, the red dash line represents y=x. 982 

Figure 10. Scatterplots of predicted and measured CCN concentrations at different SS condi-
tions, the red dash line represents y = x.
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