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Abstract. New particle formation (NPF) events and their im- reveals that NPF exerts large impacts on aerosol particle
pacts on cloud condensation nuclei (CCN) were investigatedbundance and size spectra; thus, it significantly promotes
using continuous measurements collected in urban Shangh@&ccn and aerosol CCN activity in this urban environment.
from 1 to 30 April 2012. During the campaign, NPF occurred The GR of NPF is the key factor controlling the newly
in 8 out of the 30 days and enhanced CCN number concenformed particles to become CCN at all SS levels, whereas
tration (Nccn) by a factor of 1.2-1.8, depending on supersat-the FR is an effective factor only under high SS (e.g., 1.0 %)
uration (SS). The NPF event on 3 April 2012 was chosen agonditions.

an example to investigate the NPF influence on CCN activity.
In this NPF event, secondary aerosols were produced con-

tinuously and increased P\ mass concentration at a rate

of 4.33pugcem3h~1, and the growth rate (GR) and forma- 1 Introduction

tion rate (FR) were on average 5nmiand 0.36 cm3s1,

respectively. The newly formed particles grew quickly from Atmospheric aerosols exert great impacts on global climate
nucleation mode (10-20 nm) into CCN size ranyecy in- by affecting earth’s radiation balance through directly scat-
creased rapidly at SS of 0.4—1.0 % but weakly at SS of 0.2 %tering and absorbing solar and terrestrial lights, and indi-
Correspondingly, aerosol CCN activities (fractions of acti- Fectly modifying clouds by acting as cloud condensation nu-
vated aerosol particles in total aerosalscn/Nen) were clei (CCN) (Charlson et al., 1992; Lohmann et al., 2005).
significantly enhanced from 0.24-0.60 to 0.30-0.91 at gsgrhe indirect effect of primary and secondary aerosols brings
of 0.2-1.0% due to the NPE. On the basis of thKchler up the largest uncertainty to predictions of aerosol radia-
theory, aerosol size distributions and chemical compositiorfive forcing and global climate change (IPCC, 2013). So
measured simultaneously were used to predigén. There far, many studies of field observation and modeling have

was a good agreement between the predicted and measurénd that new particle formation (NPF) significantly im-
Ncen (R? = 0.96, Npredicted Nmeasurea= 1.04). This study pacts aerosols and CCN at worldwide locations (Ghan et al.,

2001; Spracklen et al., 2006, 2008; Zhang, 2010).
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Normally, NPF in the atmosphere is identified as the nu-America, whereas little has been done in developing coun-
cleation of gas phase precursors and subsequent condenddes (Wang et al., 2013). To date, only a few studies have fo-
tional growth, which is a crucial secondary transformation cused on NPF and its interaction with CCN in China. Yue et
course (Birmili et al., 2000; Kulmala et al., 2004). In fact, al. (2011) reported that the GR of sulfur-poor NPF was on av-
NPF consists of a complex set of procedures, including thesrage about 80 % larger than that of sulfur-rich NPF, and that
formation of nanometer-size clusters from gaseous vaporsghe NPF events increased CCN by 0.4-6 times in Beijing,
the growth of these clusters, the removal of growing clus-where various source apportionments of fYMvere reported
ters by coagulation with preexisting particles, and the furtherby Zhang et al. (2013). Wiedensohler et al. (2009) found that
growth of the surviving clusters into aerosol particles, somethe CCN size distribution is dominated by the growing nucle-
of which are large enough to become CCN (McMurry et al., ation mode in Beijing, which accounted for up to 80 % of the
1983, 2005; Weber et al., 1996). The NPF event can be effectotal CCN number concentration, in contrast to the usually
tively characterized by the formation rate (FR) of nucleation-found phenomenon of the dominance by the accumulation
mode particles and the growth rate (GR) of freshly nucleatednode.
particles (Kulmala et al., 2012). On the basis of over 100 In the present study, we analyze a comprehensive data set
field measurements summarized by Wang et al. (2013), sigef 1 month of simultaneous measurements of aerosol size
nificant gaps still exist regarding both formation and growth spectra,Nccn, black carbon (BC), water-soluble ions and
rate outputs. For example, the GR varied in the range of 1-gaseous pollutants to understand the NPF events and their
20nmh! and the FR within 0.01-10cnis 1. Condens-  impacts onNccn and aerosol CCN activity in an urban envi-
able gaseous precursors and their coagulation sink respongienment of Shanghai, one of the largest cities in China. A clo-
ble for NPF are commonly high in megacities of developing sure study between predicted and measured CCN is also con-
countries (Monkkodnen et al., 2005; Wu et al., 2007). Gaseouslucted to investigate the influence of aerosol chemical com-
sulfur has proved to play a vital role in the nucleation processposition on its growth to CCN. An effective CCN prediction
(Petéja et al., 2009; Kulmala et al., 2013). Atmospheric am-model is further developed based on model-measurement
monia can effectively lower the surface pressure of gaseousomparison results.
sulfuric molecular and participates in homogeneous nucle-
ation with gaseous sulfuric acid and water vapor (Smith et .
al., 2004: Sakurai et al., 2005; Gaydos et al., 2005). In ad2 EXxperimental
dition, there are other species responsible for NPF such 351 Observational site
amines (Yu et al., 2012; Benson et al., 2011), low-volatility =

organic vapors (Metzger et al., 2010; Paasonen et al., 20104 instruments were mounted on the roof of one building ap-

Riipinen etal., 2011; Ehn et al., 2914) and iodine Compoundsproximately 20 m above the ground in the campus of Fudan
(O'Dowd et al., 2002; Vuollekoski et al., 2009). _ University (318 N, 121°29 E) located in Shanghai. The
The newly formed particles from atmospheric nucleation gpseryational site is mainly surrounded by urban residen-
are often able to grow into CCN size and further influence o areas, where no large local emission was detected during
cloud properties or even global climate (Kerminen et al., s study. The East China Sea is approximately 40 km east
2005; Laaksonen et al., 2005; Wiedensohler et al., 2009)q¢ the site. Except for CCN, other measurements were con-

Kerminen et al. (2012) present a synthesis of our currenyy,cteq synchronously, including aerosol number size distri-
(end of 2012) knowledge on CCN production associated withy +ion (condensation nuclei (CN) of 10-800 nm), major in-

atmospheric nucleation, and conclude that CCN production, ganic water-soluble ions in aerosol particles, gaseous pol-
associated with atmospheric nucleation is both a frequenf,ants and meteorological factors. Local time (LT) used in

and widespread phenomenon in numerous types of contigyis stydy is 8 h ahead of UTC (universal time coordinated).
nental boundary layers, and probably also for a large frac-

tion of the free troposphere. The latest model results show 2 Measurement and instrumentation

that the NPF events contribute much more to the global

aerosol number burden than primary emissions (MerikantoA CCN counter (CCN-100, DMT, USA) with continuous
et al., 2009; Yu et al., 2008). Under numerous atmospheridlow and a single column (Roberts and Nenes, 2006; Lance
conditions aerosol has a positive feedback to CCN numbeket al., 2006) was employed to monitor CCN concentrations
concentration ¥ccn) (Ramanathan et al., 2001; Laaksonen at supersaturated conditions (SS in the range of 0.07-2 %).
et al., 2005), andVcen usually exhibits a significant in- Before the campaign, the instrument was calibrated for SS
crease after NPF (O’'Dowd et al., 2001; Lihavainen et al.,using standard (Nij>S0O;, particles. To maintain stable SS,
2003; Kuwata et al., 2008; Yue et al., 2011). Due to var-according to the instrument operation manual, regular cali-
ious chemical species involved in NPF, the extent of NPFbrations were also performed for temperature gradient, input
effects on CCN varied temporarily and spatially (Spracklenand shear airflows and pressure (Leng et al., 2013). In addi-
et al., 2008; Pierce and Adams, 2009). The long-term NPRion, periodic zero checks were done to ensure counting ac-
observations were mainly conducted in Europe and Northcuracy for the optical particle counter (OPC) installed inside
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the CCN counter. The ambient aerosol was firstly dried by e 8
a dryer (active carbon) to lower relative humidity (RH) be-
low 30 %, and subsequently introduced into the CCN counter
(Leng et al., 2013).

Aerosol particle size distributions in the size range of 10—
800 nm were measured using a high-resolution scanning mo- o
bility particle sizer (SMPS, TSI 3080, USA). Before and af- 3
ter the field campaign, the instrument was calibrated to main-
tain accurate particle sizing. The SMPS data are recorded by
AIM (Aerosol Instrument Management) software from TSI.
The SMPS 3936 (TSI) is employed to track the size distribu-
tion change, in which the CPC 3736 (TSI) is used to count = o4 — . Lot Lo
the number of particles of each size. The neutralizer 3077a ' Bl Lo T B
(TSI) is used in the system to provide the known charge on Date
the particles going into the SMPS. The size of the employedFigure 1. Series of 10 min mean meteorological parameters over
impactor is 0.071 cm. Both a multiple charge and the diffu- the entire campaign.
sion correction are applied. The inlet information has been
reported in our previous papers (Wang et al., 2009; Huang et
al., 2013). from the collected sample when the ambient RH is below

BC was measured by an online monitored aethalometethe threshold to which the heater is controlling. As the am-
(AE-31, Magee Scientific Co., Berkeley, California, USA) at bient RH increases above the threshold, the applied heating
a 5 min time resolution and a 5 L mif airflow rate. Accord- s optimized to maintain the RH threshold above the beta at-
ing to the strong ability of BC light absorption at near in- tenuation filter tape. Necessary sensor calibrations are regu-
frared wavelengths (Hansen et al., 1984; Weingartner et al.larly performed for temperature, relative humidity, baromet-
2003), BC mass is determined using the light attenuation atic pressure and volumetric flow to maintain valid measure-
880 nm and the appropriate specific attenuation cross sectioments.
proportional to BC (Petzold et al., 1997). The attenuation can Moreover, an automatic weather station client
be calculated based on the intensity difference of referenc¢HydroMet™, Vaisala) and a visibility monitor (Belford,
and sensing beams between light on and off (Dumka et al.M6000) were employed to collect the data of meteorological
2010). In order to screen the impacts of other absorptive mavariables and atmospheric visibility.
terial, the data contaminated by mineral and dust aerosols
were excluded from BC measurements. Details for instru-
ment operation and calibration can be found in Cheng et3 Results and discussion
al. (2010).

A monitor of aerosols and gases (MARGA, ADI 2080, the 3.1 Overview of the entire period
Netherlands) was employed to measure the mass concentra-
tions of major inorganic water-soluble ions (NaK*, Mg, The ground-based measurements contaidegy at SS
Ca, SOE[, CI7, NO3 and Nl—ﬁ) in ambient aerosol parti- of 0.2-1.0%, aerosol size spectra, atmospheric visibility,
cles at a 1 h time resolution. The methods of sampling, operPM, 5, BC, aerosol inorganic water-soluble ions anc%@d
ation and internal calibration of the MARGA were described were conducted during the period of 1-30 April 2012. Figure
in Du et al. (2011). 1 describes the general meteorological conditions (e.g., wind

A continuous ambient particulate monitor (FH62C14, speed, wind direction, RH and temperature) for the entire
Thermo Scientific) was used to measure 2Mparticles  period. Wind frequently changed direction and was mostly
with aerodynamic diameter smaller than 2.5 um) concentraweaker than 6 mst. There was no significant precipitation
tion online. The FH62C14, continuous ambient particulatein this month and RH seldom exceeded 90 %. Temperature
monitor, is a radiometric particulate mass monitor capablegenerally varied between 10 and Z5.
of providing real-time measurements. It incorporates time- Figure 2 shows the temporal variations of 5 min mean,SO
averaged measurements of an integral beta attenuation seRM, 5 concentration and atmospheric visibility for the entire
sor and advanced firmware to optimize the continuous masgeriod. In general, Pl and visibility were negatively cor-
measurement. The FH62C14 equips a dynamic heating syselated and averaged #060 ug n2 and 24.3+ 23.7 km, re-
tem (DHS) to maintain the relative humidity (RH) of the air spectively. The maximum and average of PMn the cur-
passing through the filter tape of the radiometric stage wellrent study are of smaller magnitude than those measured
below the point at which the collected particles accrete andn a previous study in 2006, in this urban environment,
retain liquid water. The DHS system minimizes the inter- which showed a range of 17.8-217.9 pghrand an aver-
nal temperature rise ensuring negligible loss of semivolatilesage of 94.6 pgm? (Wang et al., 2006). Pk frequently

240

Wind direction

b
[l

Wind speed (ms™)

Wind direction Wind speed

RH (%)

Temperature (°C)

www.atmos-chem-phys.net/14/11353/2014/ Atmos. Chem. Phys., 14, 1133365 2014



11356 C. Leng et al.: Impacts of new particle formation on aerosol CCN

5 - 150 represented an occurrence frequency of 27 % and was much
Q_PN: . higher than the 5.4% measured by Du et al. (2012) at the
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—— Atmospheric same site in winter. Many studies have observed greater NPF
visibility
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frequency during the spring in the Northern Hemisphere. For
‘ example, a seasonal NPF pattern with a spring maximum and
[ " ‘ winter minimum is typical for all Nordic stations (Dal Maso

'\ J"Ha‘ ‘J Lo etal., 2007; Kristensson et al., 2008; Vehkamé&ki et al., 2004).
! ‘r‘ : In the North China Plain, the number of events was higher in
1014 1504 2014 2514 s the spring months (Wang et al., 2013). The high frequency
Date of events during spring in urban Shanghai is probably due

to the high frequency of strong wind from northern China,

which helps in removing the preexisting particles in the at-
mosphere and further favors the occurrence of new particle

formation events (Wu et al., 2008; Wang et al., 2013).
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Figure 2. Series of 5min mean S{and PM 5 concentrations and
atmospheric visibility over the entire campaign.

experienced a clear interday oscillating with a similar intra-
day cycle. PM 5 can reflect the variations of ambient particu-
late pollutant loadings in the boundary atmosphere layer, and

can be viewe_d as an additional proxy of preexisting partic_leFormation and growth rates are two essential factors charac-
a,m,OF‘_”tS for identifying NPF. In a broad view, atmosphe.rlc terizing NPF events (Yue et al., 2011; Kulmala et al., 2012).
visibility frequently decreased to less than 10 km, reveahng-l-he FR rate is theoretically defined as the mean increase

;he ochcquence 0:1 hea\éy pollution epcljs?deso(oe;.g.],c r;]aze). Clir}ate of nucleation-mode particles in number concentration
act, the haze or hazy days accounted for 50 % of the stu %s a function of time (Nhucleatio/d?) during the nucleation

period, during which atmospheric visibility was on average stage of a NPF event. In this paper, due to the losses of

5.65km, while it was 24.3km on average for the rest of the o, iy formed nucleated particles caused by coagulation, and
days. the measurement unavailable for 3—10 nm particles, this cal-
culation only yielded an “apparent particle formation rate”
(APFR; Du et al., 2012). It should be noted that this APFR

It has been widely accepted that the key criterion for discern-Would be an underestimate in comparison with the actual for-

ing an NPF event is to identify an acute burst of nucleation-Mation rate. However, the GR rate refers to the mean size
mode particles, known as newly formed particles up to a de9"OWINY rate Of_ nuclea_\ted par_t|cles in geometric mean diam-
tectable size of 3nm exceeding the background level, lastingt€" @s & function of time during the growth stage of a NPF

for several hours, and with subsequent growth in mean parevent, which has been described in detail elsewhere (Kul-
ticle size (Birmili and Wiedensohler, 2000; Kulmala et al., Ma et al., 2001, 2004b; Dal Maso et al., 2005). The mode
2004, 2012; Vakkari et al., 2011). The supplementary crite-diameter, namely a calibrated geometric mean diameter au-
fia are also needed for identifying NPF: low preexisting par_tomatlcally made by SMPS |tse_lf for a_lll aerosol size bins in-

ticle loading, an apparent “banana” shaped particle numbeptead of only for nucleated particles, is used to calculate par-

concentration as a function of time and size, and favorabld!cle growth rate in this study. Similarly, this calculation pro-
weather conditions essential for excluding preexisting parti-dUCes an “apparent particle growth rate” (APGR). The APGR

cle disturbance particularly in an urban environment (Shi etvould be an overestimate in comparison with the real growth

al., 2001; Heintzenberg et al., 2007; Olofson et al., 2009). |nfate due to inclusion of the GR rate caused by coagulation,

this study, although the SMPS is only capable of capturingWhiCh is not related to particle mass increases (Kerminen and

particles no smaller than 10 nm, the aerosol size spectrurfidimala, 2002). . .

from the SMPS measurements was available to determine 1h€ condensation sink (CS) describes how rapidly vapor

NPE and to calculate the FR and GR of NPE. molecules can condense onto the particles and can be used
In this study, the days with distinct bursts of nucleation- to represent the preexisting particle concentrations (Kulmala

mode (1020 nm) particles lasting for at least 1.5 h from their€t @l., 2001). Its values can be directly calculated from the

initial outbreak to maximum in number concentration, and Measured aerosol particle size distributions using Brag

with apparent growth to larger sizes (e.g., 20-50 nm) for afollows:

few hours, were defined as effective NPF days. The rest ofc_

the days were defined as non-NPF days. Figure 3 shows th%s_ anZﬂDpN’ @)
1-month series of aerosol size distribution, 4 min mean to-whereD is the diffusion coefficient of the condensing vapor,
tal (Niota)) @nd nucleation-modeMio-20nn) aerosol number g is the transitional regime correction factor and can be de-
concentration and 1 h mean CCN concentration. Overall, &rmined using the method from Fuchs and Sutugin (1971),
out of the 30 days were characterized as NPF days, whiclDy is the particle diameter andy is the particle number

3.1.2 Formation and growth rates, and
condensation sink

3.1.1 New particle formation events

Atmos. Chem. Phys., 14, 113534365 2014 www.atmos-chem-phys.net/14/11353/2014/
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Figure 3. Series of aerosol size distribution, 4 min mean toMh{;) and nucleation-mode aerosol number concentratVr (20 nm and
1h mean CCN concentration over the entire campaign.

concentration of corresponding size. More explanations anderved in Shangdianzi (SDZ, a regional station located in
the derivation process for EgB)(can be seen in many stud- the North China Plain, about 120km northeast of Beijing,
ies (Kulmala et al., 2001, 2005; Dal Maso et al., 2002, 2005;0.0204 0.020 and 0.026:0.018 s 1), and European urban
Gong et al., 2010; Shen et al., 2011; Gao et al., 2012; Wangnvironments including Marseille (0.003-0.0153 5 Athens

et al., 2013), therefore it was only briefly summarized here.(0.006—-0.0133!) and Helsinki (0.0063!) (Kumala et al.,

It is worth noting that this calculated CS might be underes-2005; Hussein et al., 2008; Wang et al., 2013).

timated compared to the real values because its derivation is

based on the dry particle number size distributions, and thug 1.3 NPF impacts on aerosol CCN activity

incapable of representing the ambient wet condition well in

this study. The uncertainty coming from the effect of ambient pjorce and Adams (2007) are the first ones that present the

hy%roscopic growth of aerosols on the CS ranges from 5 tq)| theoretical framework on the efficiency of CCN produc-
50 % (Kulmala et al., 2001). tion resulting from nucleation. To explore the NPF potential
The mean formation and growth rates of NPF eventsjhauence on CCN, we further examined the impacts of FR

were 0.40cm? S__l and 4.91 ”m_hl* respectively, during g GR rates in NPF events ey and aerosol CCN ac-
the whole campaign. The formation and growth rates showeqivity_ Table 1 summarizes th¥ccy enhancement ratios for

a strong location dependence, for example, higher formagifterent FR and GR levels during the entire campaign.

tion and growth rates have been observed in New Delhi | has been widely recognized thaecy is positively cor-
(3'3_1%'92’773 S__l' 11.6-18.1nmh') and Atlanta (20— _ related toNcn under various atmospheric conditions (Ra-
70cn>s™), while comparable values were measured in manathan et al., 2001; Laaksonen et al., 2005), and enhance-
Beijing (6 cnT®s™t, 4nm ) for sulfur-rich aerosol types  ments onNeey are expected after NPF events (O'Dowd et
and (2cn®s™, 6nmir?) for sulfur-poor aerosol types 4y 2001; Kuang et al., 2009; Yue et al., 2011). Theoret-
and in Shanghai (3.3-5.5nmh (Kulmala et al., 2004; ically, the high FR rate produces more secondary aerosol
Monkkonen et al., 2005; Yue et ?I., 2011; Du et al., 2012)-particles (i.e.Ncn), which may subsequently impableen

The mean CS values were 0.021'®n the NPF event days it new particles grow into greater sizes (Ghan et al., 2001;
and 0.0403! on the non-event days, lower than those mea-gpracklen et al., 2006, 2008; Zhang, 2010). In this paper,

. e l
sured in Beijing (0.0220.021 and 0.04£0.024s7) and  nowever,Necy was insensitive to the FR rate of NPF at SS
New Delhi (0.050-0.070%), and higher than those ob- 4 2_0.8%, as indicated by the small difference®Viren

www.atmos-chem-phys.net/14/11353/2014/ Atmos. Chem. Phys., 14, 1133365 2014
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Table 1. Comparison of CCN enhancement ratios from NPF events with different formation and growth rates.

02% 04% 06% 08% 1.0%

Enhancement ratio(FR0.40) 118 184 188 184 1.77
Enhancement ratio (FR 0.40) 1.15 1.89 1.81 1.77 1.58
Enhancementratio (GR4.91) 1.25 1.95 2.03 1.93 1.72
Enhancement ratio (GR4.91) 1.10 1.79 1.80 1.74 1.63

enhancement ratios under various FR and SS values. Thit
finding agrees with the results of earlier studies that the nu-
cleation of newly formed particles within the boundary layer
poses a minor impact oNccn. Carslaw et al. (2007) found
thatNccenincreased only by 12—-17 % after a 2 orders of mag-
nitude increase of the nucleation rate in central Europe. A
similar result has been reported in Beijing (Yue et al., 2011).
This can be explained in two ways. Firstly, due to the two - S —
separate and self-governed processes in particle formatior ' ” " Localtime
and subsequent growth. A high formation rate does not nec-
essa.‘”'y correspond to a. high GR ra}te since the newlylformg showing new particle formation and subsequent growth on 3 and 4
particles may not grow into CCN size because of an msuffl-AIOriI 2012,
cient time period. Secondly, due to the coagulation process
between particles which leads to redudggy and further
lowers Nccn enhancement ratios. In fact, the impact of FR 3.2 Characteristics of a typical NPF
in NPF onNccn enhancement increased with SS (Table 1).
The lower critical dry diameter under higher SS for a given 3.2.1 Increased concentrations of nanoparticles
aerosol particle was probably the main reason. For example,
according to the-Kéhler theory (Kéhler., 1936; Petters and The NPF event spanning the period from 10:00 LT on 3 April
Kreidenweis, 2007), pure NaCl particles can act as CCN onlyto 04:00LT on 4 April is analyzed in detail to shed some
at 65nm under SS 0.2 %, while it can be activated at 22 nnlight on the relationship between NPF and CCN. This NPF
under SS of 1.0 %. Presumably, with the presence of an un€vent was identified to consist of a nucleation stage (10:00—
realistic high SS where all nucleation-mode particles (10-13:00LT) and a growth stage (13:00-04:00 LT) (Fig. 4).
20 nm) are activated, the formation rate would be one con- Before 10:00LT on 3 April, PMs was below 20 ug m?
trolling factor. due to the relatively strong wind speed (e.qg., 6hdavor-
Moreover, what controls whether a newly formed particle ing pollutant dispersion. BC was less than 1 pgfrand at-
becomes a CCN is its survival probability and whether it hasmospheric visibility exceeded 30 km (Figs. 5, 6). Apparently,
enough time to grow into thermodynamically stable size bythe preexisting particles of nucleation mode (10-20 nm) were
competing with the capture and removal of preexisting parti-low (Fig. 7). Newly formed particles increased quickly af-
cles (Kerminen et al., 2001; Pierce and Adams, 2007; Zhander just 1.5h from the initial outbreak to the maximum con-
etal., 2012). Toward to this end, the aerosol-GR rate of NPFcentration of 1800 cm® (Fig. 7). During the same time pe-
responsible for this survival probability was observed to ex-fiod, Ney increased from 15000 to 25000 ch The newly
ert a valid effect onVceny enhancement ratios. As was found formed particles grew in size in the following periods (the
in this study, theNcen enhancement ratios at a larger GR growth stage) due to condensation, heterogeneous reactions
rate were higher than those at a lower GR rate by a factor oPf chemical compounds and coagulation between particles
1.06-1.13, depending on SS. (Wang et al., 2010). The temporal variations of median, ge-
Overall, theNcen enhancement ratios due to NPF varied ometric mean and mode diameters for the measured aerosol
as a function of FR and GR rates and SS. In the real atmopopulation are given in Fig. 7. In general, these three diame-
sphere, SS varies from exceeding 1.0 % in clean-air stratuters were strongly correlated with each other and increased in
clouds to slightly less than 0.1 % in polluted conditions (Hud- Size ever since the nucleation burst occurred. During this pe-
son and Noble, 2014). The FR may logically play a vital role riod, the wind speed was mostly less than 2h émplying a
in CCN production in the clean-air stratus clouds, while ex- weak atmospheric dilution of pollutants. BMlincreased af-
erting a minor impact in polluted conditions. GRis invariably ter 17:00 LT on 3 April, showing a significant enhancement
the most important factor in controlling the extent of newly from 38 to 86 ugm?. In addition, BC correlated well with
formed particles in becoming CCN during NPF. PM2 5, and they both reduce atmospheric visibility.
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igure 4. Temporal evolution of 4 min mean aerosol size spectra,
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Figure 7. Temporal evolutions of 4 min mean mode, median and
diameters and 10—20 nm particle concentration, showing the growth
rate and formation of new particles on 3 and 4 April 2012.

—— Atmospheric visibility

radiation) and sink (i.e., condensation sink) terms, and the
simplest one is the radiation multiplied by the $Sé&nd di-
vided by the condensation sink. In this paper, the source and
radiation terms are unavailable; one may plausibly conjec-
ture a similar formation of iSO, on the basis of its gaseous
precursor (e.g., S&) evolution (Zhang et al., 2012).
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Figure 6. Temporal evolutions of 5 min mean atmospheric visibil- . .
ity, BC and PM 5 concentrations during the new particle formation 1€ particle nucleation event showed a burst of 10-20 nm
event on 3 and 4 April 2012. particles when S@peaked at 10:00 LT on 3 April, with its
mass and molar concentrations exceeding 4.1 and
3.8x 1019cm3, respectively (Fig. 8). Afterwards, SQin-
3.2.2 Insights into the chemical species involved derwent a gradual decrease down to 1.5 g nand SG~
correspondingly increased from 8 to 10 ugtn The good
Several factors likely determine if a chemical species is to acthgreement between $@nd nucleation-mode particles de-
as nucleation precursor, including its abundance, reactivitynotes the key role of gaseous sulfur in controlling particle
and volatility (Zhang et al., 2012). Gaseous3®, has been  nucleation (Zhang et al., 2012; Kulmala et al., 2013).
proved to be a key precursor participating in the nucleation Besides gaseous sulfur, other nucleation precursors have
process due to its low volatility (Petaja et al., 2009; Kulmala been proposed to be involved in the critical nucleus forma-
et al., 2013), and a necessary condition for new particle fortion in numerous environment conditions (Riipinen et al.,
mation is for its molecular concentration to excee@ di—3 2011; Zhang et al., 2012). For example, atmospheric am-
in atmosphere (Weber et al., 1999; Nieminen et al., 2009)monia can significantly lower the surface vapor pressure of
The condensation of gaseous30, together with subse- gaseous sulfuric acid molecules and participate in homoge-
quent neutralization with ammonia plays a dominant role inneous nucleation with gaseous sulfuric acid and water va-
the growth of Aitken-mode particles, whereas it exerts little por. According to the classical ternary homogeneous the-
contribution to the growth of particles in accumulation mode ory developed recently, the presence of ammonia in parts-
(Zheng et al., 2011). per-trillion levels significantly enhances nucleation rates (Yu
However, the direct measurement of sulfuric acid in am-et al., 2006). Many field measurements and laboratory sim-
bient air is still challenging, appropriate proxies are neededulations have corroborated the crucial role of ammonia in
Petgja et al. (2009) measured the sulfuric acid and OH conthe growth of newly formed particles (Smith et al., 2004;
centration in a boreal forest site in Finland and successfullySakurai et al., 2005; Gaydos et al., 2005). Though exper-
developed three reasonable proxies for sulfuric acid concenimental evidence seems very limited, nitrate has been re-
tration by using the measured time series as a foundatiorported as a crucial contributor to nanoparticle growth, es-
Their proxies refer to source (i.e., gaseous; Skydroxyl pecially for 10-30 nm particles where nitrate is dominant
radical, solar radiation in the 280-320 nm range, and globalHildebrandt et al., 2012). Riipinen et al. (2011) combined
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observations from two continental sites to show that the con-Table 2. Effective hygroscopicity parameters)(and densities of
densation of organic vapors (i.e., nonvolatile and semivolatilethe four category compositions.
species) is a crucial factor governing the lifetimes and cli-

matic importance of the smallest atmospheric particles. Ehn Species Data source «  Density
etal. (2014) find that several biogenic VOCs (volatile organic (gem™3)
compounds; e.g., monoterpenes) form large amounts of ex- syifate and nitrate b +NO; +NH; 0.6 1.7
tremely low-volatility vapors and further demonstrate that Sodium chloride Cr +Nat 1 2.2
these low-volatility vapors can enhance (or even dominate) Insoluble compounds  Others 0 2.0

the formation and growth of aerosol particles over forested
regions. In this paper, NDincreased by a factor of 1.33 and
NHjlr increased by a factor of 1.45 during the NPF event, in-
dicating that the particle growth is partly driven by the con-
densation of atmospheric precursors (Fig. 8).

Ncen enhancement ratio of 1.4—7 was observed under SS of
0.07-0.86 % caused by NPF (Yue et al., 2011). In compari-
son with Nccn, aerosol CCN activity was more sensitive to
aerosol size spectra and meteorology factors, which exerts a
big complexity into the temporal variation of aerosol activa-

Figure 9 shows the temporal evolutionsicn and aerosol tion. Aerosol activities_; were effect_ively reduced by ab_undant
CCN activity at SS of 0.2—1.0% for the entire period. The Ultrafine aerosol particles (CCN-inert) produced during the
enhancedVcyn and reduced aerosol CCN activity, associ- nucleatlon period. The m|n.|mum.(0.2—0.6) of aefosol activi-
ated with nucleation-mode-particle burst, was observed beli€S was found at 13:00LT in April when the particle growth
tween 10:00 and 13:00LT on 3 April. In contrast A startgd. Owing to thg high survival probabl!lty of particles
which increased immediately after the burst of nucleation-9roWing from nucleation mode to accumulation mode (CCN
mode particles, there was a 4 h delay in the increasé-ef. size), a_erosol activities began _to increase at different steps
As the newly formed particles grew into larger sizes, bothfOr varying SS and reached their maximums of 0.3-0.9 (0.2-
Ncen and aerosol CCN activity increased at various stagest-0 % SS) at 04:00LT on 4 April, 8 h aftéfccn peaked.

under different SS. At a SS higher than 0.48%cN peaked

at 20:00 LT on 3 April.Nccn greatly increased from 8000~ 3:2:4 Towards CCN closure for NPF

12000 cnT2 to 10 000—20 000 cr? under higher SS, how- N _ S

ever, only slightly from 6000 to 7000 crd under lower SS A kappa value, describing particle hygroscopicity, firstly
(e.g., 0.2%). A larger critical dry diameter corresponding to introduced by Petters and Kreidenweis (2007), was em-
lower SS should be the main reason. For example, the critiPloyed here for a CCN closure study during NPF. Assuming
cal dry diameter for pure (NB2SO; particles was 83 nm at aerqsol_ particle population is tqtally internally rmxe_d, the e_f-
SS of 0.2% and was only 29 nm at SS of 1.0%. The neW|yfect|v§ integrated can be obtalngd through weighting their
formed particles rarely grew larger than 83nm in size in cheémical compound volume factions,

this NPF event, hence led&cn enhancement was expected

at SS of 0.2%. In summary, thEccy enhancement ratios « = Ze,-/c,-, 3)
were 1.17-1.88 depending on SS value. In Beijing, a larger i

3.2.3 Aerosol CCN activity enhancement
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whereg; is the volume fraction of chemical compounds in 2.4x10° -
particles, andk; is the effectivex of individual chemical g
composition. This equation has been widely used and de- Solid line: y=0.98x-150.0 (R*=0.96) %
scribed in detail elsewhere (Petters and and Kreidenweis.,  1.8x10'[ €
2008; Yue et al., 2011). Aerosol particle compositions were
classified into three categories, andande; for individual
composition are listed in Table 2, of which “others” refers to
PMps—(SO;~ +NO;z +NH; +CI~ +Nat), and is viewed

as a chemical compound wiih = 0 (Yue et al., 2011). Due

Dash line: y=x

1.2x10° |
Red: 0.2% SS

Measured CCN

Blue: 0.6% SS

to MARGA data limitations, we only attempted to get CCN 6.0x10° | Pink: 0.8% S5
closure for the NPF event in this study. The hourly mean /,/+

values varied from 0.19 to 0.42, and had an average of 0.2€ - Ll . ) . ) . )

dUring the NPF event. In total, 83.2 % of the effectivevas 0.0 6.0x10° 1.2x10* 1.8x10" 2.4x10*

explained by S§T+NO§+NH+, with their individual con-

tributions of 37.4, 27.5 and 18.3 %, respectively. By using
the calculated, the critical dry diameter for a particle to act Figure 10. Scatterplots of predicted and measured CCN concentra-
as CCN at a given SS can be determined from an extendetions (cn3) at different SS conditions, the red dash line represents

Predicted CCN

k-Kohler theory: y=x.
_ D3 B DS 4GS/aMw 4
S(D) = D3— D3(1—«) exp RTp,D )’ (4 whereas the formation rate is viewed as an effective factor

only at higher SS (e.g., 1.0%). This is due to the small crit-
wherep,, is the density of water//,, is the molecular weight ical dry diameters for particles, necessary in order to act as
of water,oy/, is the surface tension of the solution—air inter- CCN under high SS conditions.
face, R is the universal gas constartjs the hygroscopicity The NPF event on 3 April 2012 showed that aerosol par-
parameter7 is temperatureD is the diameter of the droplet ticle enhancement in number concentration significantly re-
andS(D) is the critical dry size under a given SS. A more- |ates to the length of nucleation period of NPF, and that
detailed explanation and the derivation process of Eq. (3) areierosol particle enhancement in mass concentration depends
given by Petters and Kreidenweis (2007), this is only a briefon the growth period. The nucleation period leads to in-
summary. The CCN population can be effectively viewed creasedVcy and reduced aerosol activity, while the increases
as a subset of measured aerosol size distributions since the Nccy and aerosol activity occurred during the growth pe-
operating range includes the majority of atmospheric par-riod. The newly formed particles needed enough time to grow
ticles (10-800nm). Computed fafsa=0.072JnT2 and  into CCN size and thudcen had a delayed peak compared
T =29815K, the predicted CCN number concentration canto Ncy.
be calculated through integration between the bottom and top Closure between the measured and predichéstn
critical dry diameters (i.e§(D)). was successful during the NPF eveniR?( 0.96).

Figure 10 provides a correlation analysis for the hourly av-SO~+NO; +NH; explained the majority of the ef-

eraged V = 90), predicted and measurddcnat SS of 0.2—  fective «, and minimized the impact of lacking organic
1.0%. The agreement was excellent between the predicteghatter. An overestimation of 4 % fa¥ccn is probably in-
and measureficcn, and a linear regression produced a slopetroduced by the following uncertainties: (1) aerosol assumed
of 0.98 and an intercept 6150 cnT 3, with a correlation co-  to be completely internally mixed, which is an unrealistic
efficient (R?) of 0.96. The ratio 0fVpredicted Nmeasuredaried  condition and hardly realized in the real atmosphere; (2) er-
between 0.83 and 1.28 with an average of 1.04. rors introduced by; for individual chemical composition;
and (3) the category “others” typically includes organic
carbon (OC), elemental carbon (EC), hydrophobic inorganic
and other species. Among these other species there are

The new particle formation (NPF) events and their impactswater soluble species contr'lbutlng to CCN formation. For
on the abundance and properties of cloud condensation ng¥x@mple, OC has an effective value of roughly 0.1 and
clei (CCN) were investigated using 1 month of continu- has been r_eported to be an important contrlbuto_r to p_qrncl_e
ous measurements collected in downtown Shanghai fronfondensational growth. The reasonable closure identified in
1 to 30 April 2012. The NPF events were observed in gthis study implies that the detailed information of particle
out of the 30 days, and their formation and growth ratesSiZ€ Spectra can build an effective CCN prediction model,
were 0.40cm3s ! and 4.91nmh?, on average, respec- and size plays a dominant role in aerosol activity during

tively. The growth rate is important in controlling the con- NPF.
version of newly formed particles in NPF to possible CCN,

4 Conclusions
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It should be noted that the contribution of NPF to CCN Dal Maso, M., Sogacheva, L., Aalto, P. P., Riipinen, I., Komp-
has not been fully characterized in this study. For example, pula, M., Tunved, P., Korhonen, L., Suur-Uski, V., Hirsikko, A.,
the loss of nucleation-mode particles by coagulation and the Kurtén, T, Kerminen, V. -M., Lihavainen, H., Viisanen, Y., Hans-
impact of atmospheric dilution and boundary layer evolution ~Son, H. -C., and Kulmala, M.: Aerosol size distribution measure-
on preexisting and newly formed CCN are unknown. To fully ments at four Nordic field stations: identification, analysis and
determine NPF contribution to CCN, additional information ggjoe_cégrly %gg/sus of new particle formation bursts, Tellus, 598,
on size-resolved aerosol composition, size spectra for 3n u, H. H., Kong, L. D., Cheng, T. T., Chen, J. M., Du, J. F., Li,

or smaller particles, atmospheric sink and physicochemical | yi; "« Leng. C. P., and Huang, G. H.: Insights into sum-

process will be needed. mertime haze pollution events over Shanghai based on online
water-soluble ionic composition of aerosols, Atmos. Environ.,
45,5131-5137, 2011.
AcknowledgementsThis research is supported by the project pu, J. F, Cheng, T. T., Zhang, M., Chen, J. M,
China Fog-haze monitoring and its numeric forecast operational He, Q. S.,Wang, X. M., Zhang, R. J., Tao, J., Huang, G. H.,
system at various scales, 2014BAC16B01, the National Natural Lj, X., and Zha, S. P.: Aerosol size spectra and particle formation
Science Foundation of China (41475109, 41275126, 21190053, events at urban Shanghai in eastern China, Aerosol Air Qual.
21177025, 21177027, 21277028, 21377029), and partly by the Res., 12, 1362-1372, 2012.
Research and Development Special Fund for Public Welfarepumka, U. C., Krishna Moorthy, K., Kumar, R., Hegde, P., Sagar,
Industry (Meteorology) of CMA (GYHY201006047), the Shanghai  R., Pant, P., Singh, N., and Suresh Babu, S.: Characteristics of
Science and Technology Commission of the Shanghai Municipality aerosol black carbon mass concentration over a high altitude lo-
(12DJ1400100, 12DZ2260200, 14XD1400600), the Jiangsu cation in the Central Himalayas from multi-year measurements,
Collaborative Innovation Center for Climate Change, and Priority ~ Atmos. Res., 96, 510-521, 2010.
fields for Ph.D. Programs Foundation of the Ministry of Education Ehn, M., Thornton, J. A., Kleist, E., Sipild, M., Juuninen, H.,
of China (0110071130003), and the national nonprofit scientific Pu||iner|, L., Springer, M., Rubach’ F., Ti||mann, R., Lee, B,,

research program for environmental protection (201409008). Lopez-Hilfiker, F., Andres, S., Acir, |.-H., Rissanen, M., Joki-
_ nen, T., Schobesberger, S., Kangasluoma, J., Kontkanen, J.,
Edited by: V.-M. Kerminen Nieminen, T., Kurtén, T., Nielsen, L. B., Jgrgensen, S., Kjaer-

gaard, H. G., Canagaratna, M., Maso, M. D., Berndt, T,
Petgja, T., Wahner, A., Kerminen, V.-M., Kulmala, M.,
Worsnop, D. R., Wildt, J., and Mentel., T. F.: A large source of

References low-volatility secondary organic aerosol, Nature, 506, 476-479,
2014.

Benson, D. R., Yu, J. H., Markovich, A., and Lee, S.-H.: Ternary Fuchs, N. A. and Sutugin, A. G.: High-dispersed aerosols in Topics
homogeneous nucleation 0bBO,, NH3, and HO under con- in Current Aerosol Research, edited by: Hidy, G. M. and Brock,
ditions relevant to the lower troposphere, Atmos. Chem. Phys., J.R., Pergamon, Oxford, 2, 1-60, 1971.

11, 4755-4766, dal0.5194/acp-11-4755-2012011. Gao, J., Chai, F. H., Wang, T., Wang, S. L., and Wang, W. X.: Par-

Birmili, W. and Wiedensohler, A.: New particle formation in ticle number size distribution and new particle formation: New
the continental boundary layer. meteorological and gas phase characteristics during the special pollution control period in Bei-
parameter influence, Geophys. Res. Lett, 27, 3325-3328, jing, J. Environ. Sci., 24, 14-21, 2012.

doi:10.1029/1999GL011222000. Gaydos, T. M., Stanier, C. O., and Pandis, S. N.: Model-

Carslaw, K. S., Spracklen, D. S., Kulmala, M., Kerminen, V. M., ing of in situ ultrafine atmospheric particle formation in
Sihto, S. L., and Riipinen, I.: The impact of boundary layer nu-  the eastern United States, J. Geophys. Res., 110, D07S12,
cleation on global CCN, Aip. Conf. Proc., 911-915, 2007. doi:10.1029/2004JD004682005.

Cheng, T.T.,Han, Z.W., Zhang, R. J., Du, H. H., Jia, X., Wang, J. J.,Ghan, S. J., Easter, R. C., Chapman, E. G., Abdul-Razzak, H.,
and Yao, J. Y.: Black carbon in a continental semi-arid area of  Zhang, Y., Leung, L. R., Laulainen, N. S., Saylor, R. D., and
Northeast China and its possible sources of fire emission, J. Geo- Zzaveri, R. A.: A physically based estimate of radiative forcing
phys. Res., 115, D23204, db2.1029/2009JD013522010. by anthropogenic sulfate aerosol, J. Geophys. Res., 106, 5279—

Cheng, Y., Lee, S. C.,, Ho, K. F, Wang, Y. Q., Cao, J. J.,, 5293, 2001.

Chow, J. C., and Watson, J. G.: Black carbon measurement irGong, Y. G., Hu, M., Cheng, Y. F., Su, H., Yue, D. L., Liu, F.,

a coastal area of south China, J. Geophys. Res., 111, D12310, Wiedensohler, A., Wang, Z. B., Kalesse, H., Liu, S., Wu, Z. J.,
doi:10.1029/2005JD006662006. Xiao, K. T., Mi, P. C., and Zhang, Y. H.: Competition of coagu-
Dal Maso, M., Kulmala, M., Lehtinen, K. E. J., and Méakela, J. M.:  |ation sink and source rate: New particle formation in the Pearl

Condensation and coagulation sinks and formation of nucleation River Delta of China, Atmos. Environ., 44, 3278-3285, 2010.
mode particles in coastal and boreal forest boundary layers, JHansen, A. D. A., Rosen, H., and Novakov, T.: The aethalometer-an
Geophys. Res., 107, d&D.1029/2001JD001053002. instrument for the real-time measurement of optical absorption

Dal Maso, M., Kulmala, M., Riipinen, I., Wagner, R., Hussein, T., by aerosol particles, Sci. Total Environ., 36, 191-196, 1984.
Aalto, P. P., and Lehtinen, K. E. J.: Formation and growth of fresh Heintzenberg, J., Wehner, B., and Birmili, W.: How to find ba-
atmospheric aerosols: eight years of aerosol size distribution data nanas in the atmospheric aerosols: new approach for analyzing
from SMEAR I, Hyytiala, Finland, Boreal Env. Res., 10, 323-

336, 2005.

Atmos. Chem. Phys., 14, 1135341365 2014 www.atmos-chem-phys.net/14/11353/2014/


http://dx.doi.org/10.5194/acp-11-4755-2011
http://dx.doi.org/10.1029/1999GL011221
http://dx.doi.org/10.1029/2009JD013523
http://dx.doi.org/10.1029/2005JD006663
http://dx.doi.org/10.1029/2001JD001053
http://dx.doi.org/10.1029/2004JD004683

C. Leng et al.: Impacts of new particle formation on aerosol CCN 11363

atmospheric nucleation and growth events, Tellus, 59B, 273-282, vapor in polluted and clean environments, Atmos. Chem. Phys.,
2007. 5, 409-416, dol0.5194/acp-5-409-2002005.

Hildebrandt, R. L., Smith, J., Riipinen, I., Barsanti, K., Fry, J., Kulmala, M., Petgja, T., Nieminen, T., Sipil4, M., Manninen, H. E.,
Yli-Juuti, T., Petaja, T., Kulmala, M., and McMurry, P. H.: The Lehtipato, K., Dal Maso, M., Aalto, P. P., Junninen, H., Paaso-
role of nitrate in the formation of atmospheric nanopatrticlers: in-  nen, P., Riipinen, I., Lehtinen, K. E., Laaksonen, A., and Ker-
sights from ambient measurements and chemical transport mod- minen, V. M.: Measurement of the nucleation of atmospheric
els, (611f) Environmental division, American Institute of Chem-  aerosol particles, Nat. Prodoc., 7, 1651-1667, 2012.
ical Engineers Annual Meeting, Pittsburgh, PA, 1 November Kulmala, M., Kontkanen, J., Junninen, H., Lehtipalo, K., Man-
2012, 2012. ninen, H. E., Nieminen, T., Petdja, T., Sipila, M., Schobes-

Huang, Y. L., Li, L., Li, J. Y., Wang, X., Chen, H., Chen, J. M., berger, S., Rantala, P., Franchin, A., Jokinen, T., Jarvinen, E.,
Yang, X., Cross, D. S., Wang, H., Qiao, L. P., and Chen, H.: Ajjala, M., Kangasluoma, J., Hakala, J., Aalto, P. P., Paa-
A case study of the highly time-resolved evolution of aerosol sonen, P., Mikkila, J., Vanhanen, J., Aalto, J., Hakola, H.,

chemical and optical properties in urban Shanghai, China, At- Aakkonen, U., Ruuskanen, T., Mauldin 1ll, R. L., Du-
mos. Chem. Phys., 13, 3931-3944, d6i5194/acp-13-3931- plissy, J., Vehkamaki, H., Back, J., Kortelainen, A., Riip-
2013 2013. inen, L., Kurtén, T., Johnston, M. V., Smith, J. N., Ehn, M.,

Hudson J. G. and Noble, S.: CCN and vertical velocity influenceson Mentel, T. F., Lehtinen, K. E. J., Laaksonen, A., Kerminen, V.-
droplet concentration and supersaturations in clean and polluted M., and Worsnop, D. R.: Direct observations of atmospheric
stratus clouds, J. Atmos. Sci., 106, 24119-24126, 2014. aerosol nucleation, Science, 339, 943-946, 2013.

Hussein, T., Martikainen, J., Junninen, H., Sogacheva, L., WagKuwata, M. and Kondo, Y.: Dependence of size-resolved
ner, R., Dal Maso, M., Riipinen, 1., Aalto, P. P., and Kulmala, CCN spectra on the mixing state of nonvolatile cores
M.: Observation of regional new particle formation in the ur-  observed in Tokyo, J. Geophys. Res., 113, D19202,
ban atmosphere, Tellus B, 60, 609-521, ©©ii111/j.1600- doi:10.1029/2007JD009762008.
0889.2008.00365,2008. Laakso, L., Merikanto, J., Vakkari, V., Laakso, H., Kul-

IPCC: Climate Change 2013: The Physical Science Basis. Contri- mala, M., Molefe, M., Kgabi, N., Mabaso, D., Carslaw, K. S.,
bution of Working Group | to the Fifth Assessment Report of  Spracklen, D. V., Lee, L. A., Reddington, C. L., and Kermi-
the Intergovernmental Panel on Climate Change, edited by: Jous- nen, V.-M.: Boundary layer nucleation as a source of new CCN
saume, S., Penner, J., and Tangang, F., IPCC, Stockholm, 2013. in savannah environment, Atmos. Chem. Phys., 13, 1957-1972,

Kerminen, V.-M.: How significantly does coagulation scavenging doi:10.5194/acp-13-1957-20123013.
limit atmospheric particle production?, J. Geophys. Res., 106,Laaksonen, A., Hamed, A., Joutsensaari, J., Hiltunen, L., Cav-
24119-24126, 2001. alli, F., Junkermann, W., Asmi, A., Fuzzi, S., and Facchini, M. C.:

Kerminen, V.-M., Lihabainen, H., Lomppula, M., Viisanen, Y., and  Cloud condensation nucleus production from nucleation events
Kulmala, M.: Direct observational evidence linking atmospheric  at a highly polluted region, Geophys. Res. Lett., 32, L06812,
aerosol formation and cloud droplet activation, Geophys. Res. doi:10.1029/2004GL022092005.

Lett., 32, L14803, doi0.1029/2005GL02313@005. Lance, S., Medina, J., Smith, J. N., and Nenes, A.: Mapping the

Kerminen, V.-M., Paramonov, M., Anttila, T., Riipinen, I., Foun- operation of the DMT Continuous Flow CCN counter, Aerosol
toukis, C., Korhonen, H., Asmi, E., Laakso, L., Lihavainen, H., Sci. Tech., 40, 242-254, 2006.

Swietlicki, E., Svenningsson, B., Asmi, A., Pandis, S. N., Kul- Leng, C. P, Cheng, T. T., Chen, J. M., Zhang, R. J., Tao, J., Huang,
mala, M., and Petdja, T.: Cloud condensation nuclei production G. H., Zha, S. P., Zhang, M. G., Fang, W, Li, X., and Li, L.: Me-
associated with atmospheric nucleation: a synthesis based on ex- asssurements of surface cloud condensation nuclei and aerosol
isting literature and new results, Atmos. Chem. Phys., 12, 12037— activity in downtown Shanghai, Atmos. Environ., 69, 354—361,

12059, doi10.5194/acp-12-12037-2012012. 2013.
Koéhler, H.: The nucleus in and the the growth of hygroscopic Lihavainen, H., Kerminen, V. M., Komppula, M., Hatakka, J., Aal-
droplets, T. Faraday Soc., 32, 1152-1161, 1936. tonen, V., Kulmala, M., and Viisanen, Y.: Production of “poten-

Kristensson, A., Dal Maso, M., Swietlicki, E., Hussein, T., Zhou, tial” cloud condensation nuclei associated with atmospheric new
J., Kerminen, V.-M., and Kulmala, M.: Characterization of particle formation in north Finland, J. Geophys. Res., 108, 4872,
new particle formation events at a background site in South- doi:10.1029/2003JD003882003.
ern Sweden: relation to air mass history, Tellus 60B, 330-344,Lohmann, U. and Feichter, J.: Global indirect aerosol effects: a re-
doi:10.1111/.1600-0889.2008.003452008. view, Atmos. Chem. Phys., 5, 715-737, d8:5194/acp-5-715-

Kulmala, M., Dal Maso, M., Makela, J. M., Pirjola, L., Véakeva, 2005 2005.

M., Aalto, P., Miikkulainen, P., Hameri, K., and O’'Dowd, C. D.: McMurry, P. H., Takano, H., and Anderson, G. R.: Study of the
On the formation, growth and composition of nucleation mode ammonia (gas)-sulphuric acid (aerosol) reaction rate, Environ.
particles, Tellus B, 53, 479-490, 2001. Sci. Technol., 17, 347-352, 1983.

Kulmala, M., Laakso, L., Lehtinen, K. E. J., Riipinen, I., Dal Maso, McMurry, P. H., Fink, M., Sakurai, H., Stolzenburg, M. R.,
M., Anttila, T., Kerminen, V.-M., Horrak, U., Vana, M., and Tam- Mauldin, R. L., Smith, J., Eisele, F., Moore, K., Sjostedt, S.,
met, H.: Initial steps of aerosol growth, Atmos. Chem. Phys., 4, Tanner, D., Huey, L. G., Nowak, J. B., Edgerton, E., and
2553-2560, doi:0.5194/acp-4-2553-2002004. Voisin, D.: A criterion for new particle formation in the sulfur-

Kulmala, M., Petéja, T., Monkkdnen, P., Koponen, I. K., Dal Maso, rich Atlanta atmosphere, J. Geophys. Res., 110, D22S02,
M., Aalto, P. P, Lehtinen, K. E. J., and Kerminen, V. -M.: Onthe  do0i:10.1029/2005JD005902005.
growth of nucleation mode particles: source rates of condensable

www.atmos-chem-phys.net/14/11353/2014/ Atmos. Chem. Phys., 14, 1133365 2014


http://dx.doi.org/10.5194/acp-13-3931-2013
http://dx.doi.org/10.5194/acp-13-3931-2013
http://dx.doi.org/10.1111/j.1600-0889.2008.00365.x
http://dx.doi.org/10.1111/j.1600-0889.2008.00365.x
http://dx.doi.org/10.1029/2005GL023130
http://dx.doi.org/10.5194/acp-12-12037-2012
http://dx.doi.org/10.1111/j.1600-0889.2008.00345.x
http://dx.doi.org/10.5194/acp-4-2553-2004
http://dx.doi.org/10.5194/acp-5-409-2005
http://dx.doi.org/10.1029/2007JD009761
http://dx.doi.org/10.5194/acp-13-1957-2013
http://dx.doi.org/10.1029/2004GL022092
http://dx.doi.org/10.1029/2003JD003887
http://dx.doi.org/10.5194/acp-5-715-2005
http://dx.doi.org/10.5194/acp-5-715-2005
http://dx.doi.org/10.1029/2005JD005907

11364

Merikanto, J., Spracklen, D. V., Mann, G. W., Pickering, S. J.,
and Carslaw, K. S.: Impact of nucleation on global CCN, At-
mos. Chem. Phys., 9, 8601-8616, d6i5194/acp-9-8601-2009
20009.

Metzger, A., Verheggen, B., Dommen, J., Duplissy, J., Prevot, A. S.,

Weingartner, E., Riipinen, I., Kulmala, M., Spracklen, D. V.,

C. Leng et al.: Impacts of new particle formation on aerosol CCN

Chang, R., Shantz, N. C., Abbatt, J., Leaitch, W. R., Kermi-
nen, V.-M., Worsnop, D. R., Pandis, S. N., Donahue, N. M.,
and Kulmala, M.: Organic condensation: a vital link connecting
aerosol formation to cloud condensation nuclei (CCN) concen-
trations, Atmos. Chem. Phys., 11, 3865-3878,dbhb194/acp-
11-3865-20112011.

Carslaw, K. S., and Baltensperger, U.: Evidence for the role ofRoberts, G. C. and Nenes, A.: A continuous-flow streamwise

organic in aerosol particle formation under atmospheric condi-

tions, P. Natl. Acad. Sci. USA, 107, 6646—6651, 2010.

thermal-gradient CCN chamber for atmospheric measurements,
Aerosol Sci. Tech., 39, 206-221, 2006.

Monkkénen, P., Koponen, I. K., Lehtinen, K. E. J., Hameri, K., Sakurai, T., Fujita, S. I., Hayami, H., and Furuhashi, N.: A study

Uma, R., and Kulmala, M.: Measurements in a highly polluted

Asian mega city: observations of aerosol number size distribu-

of atmospheric ammonia by means of modeling analysis in the
Kanto region of Japan, Atmos. Environ., 39, 203—-210, 2005.

tion, modal parameters and nucleation events, Atmos. ChemShen, X. J., Sun, J. Y., Zhang, Y. M., Wehner, B., Nowak, A,

Phys., 5, 5766, ddi0.5194/acp-5-57-2002005.

Nieminen, T., Manninen, H. E., Sihto, S. L., Yli-Juuti, T.,
Mauldin, R. L., Petaja, T., Riipinen, I., Kerminen, V. M., and Kul-
mala, M.: Connection of sulfuric acid to atmospheric nucleation
in boreal forest, Environ. Sci. Technol., 43, 4715-4721, 2009.

O’Dowd, C. D.: Biogenic coastal aerosol production and its in-

Tuch, T., Zhang, X. C., Wang, T. T., Zhou, H. G., Zhang, X.
L., Dong, F., Birmili, W., and Wiedensohler, A.: First long-term
study of particle number size distributions and new particle for-
mation events of regional aerosol in the North China Plain, At-
mos. Chem. Phys., 11, 1565-1580, @6i5194/acp-11-1565-
2011 2011.

fluence on aerosol radiative properties, J. Geophys. Res., 106hi, J. P., Evans, D. E., Khan, A. A., and Harrison, R. M.: Sources

1545-1549, 2001.
O'’Dowd, C. D., Aalto, P., Hameri, K., Kulmala, M., and Hoff-

and concentrations of nanoparticles (10 nm in diameter) in the
urban atmosphere, Atmos. Environ., 35, 1193-1202, 2001.

mann, T.: Atmospheric particles from organic vapors, Nature, Smith, J. N., Moore, K. F., McMurry, P. H., and Eisele, F. L.: At-

416, 497-498, 2002.
Olofson, K. F. G., Andersson, P. U., Hallquist, M., Ljungstrém, E.,

mospheric measurements of sub-20 nm diameter particle chemi-
cal composition by thermal desorption chemical ionization mass

Tang, L., Chen, D., and Pettersson, J. B. C.: Urban aerosol forma- spectrometry, Aerosol Sci. Tech., 38, 100-110, 2004.
tion in the Arctic boundary layer, J. Geophys. Res., 103, 8309-Spracklen, D. V., Carslaw, K. S., Kulmala, M., Kerminen, V.-M.,

8321, 20009.

Paasonen, P., Nieminen, T., Asmi, E., Manninen, H. E., Petdja, T.,

Plass-Dulmer, C., Flentje, H., Birmili, W., Wiedensohler, A.,
Hoérrak, U., Metzger, A., Hamed, A., Laaksonen, A., Fac-

Mann, G. W., and Sihto, S.-L.: The contribution of boundary
layer nucleation events to total particle concentrations on re-
gional and global scales, Atmos. Chem. Phys., 6, 5631-5648,
doi:10.5194/acp-6-5631-2008006.

chini, M. C., Kerminen, V.-M., and Kulmala, M.: On the roles Spracklen, D. V., Carslaw, K. S., Kulmala, M., Kerminen, V. M.,

of sulphuric acid and low-volatility organic vapours in the ini-
tial steps of atmospheric new particle formation, Atmos. Chem.
Phys., 10, 11223-11242, db@.5194/acp-10-11223-2012010.
Petdja, T., Mauldin, I, R. L., Kosciuch, E., McGrath, J., Niem-
inen, T., Paasonen, P., Boy, M., Adamov, A., Kotiaho, T., and

Sihto, S. L., Riipinen, I., Merikanto, J., Mann, G. W., Chipper-
field, M. P., Wiedensohler, A., Birmili, W., and Lihavainen, H.:
Contribution of particle formation to global cloud condensa-
tion nuclei concentrations, Geophys. Res. Lett.,, 35, L06808,
doi:10.1029/2007GL033032008.

Kulmala, M.: Sulfuric acid and OH concentrations in a boreal Vakkari, V., Laakso, H., Kulmala, M., Laaksonen, A., Mabaso, D.,

forest site, Atmos. Chem. Phys., 9, 7435-7448,1db5194/acp-
9-7435-20092009.

Petters, M. D. and Kreidenweis, S. M.: A single parameter repre-

Molefe, M., Kgabi, N., and Laakso, L.: New particle forma-
tion events in semi-clean South African savannah, Atmos. Chem.
Phys., 11, 3333-3346, dtD.5194/acp-11-3333-2012011.

sentation of hygroscopic growth and cloud condensation nucleud/ehkaméki, H., Dal Maso, M., Hussein, T., Flannagan, R., Hyvéari-

activity, Atmos. Chem. Phys., 7, 1961-1971, d6i5194/acp-7-
1961-20072007.

nen, A., Lauros, J., Merikanto, J., Monkkonen, P., Pihlatie, M.,
Salminen, K., Sogacheva, L., Thum, T., Ruuskanen, T. M., Kero-

Petzold, A., Kopp, C., and Niessner, R.: The dependence of the spe- nen, P., Aalto, P. P., Hari, P., Lehtinen, K. E. J., Rannik, U.,
cific attenuation cross-section on black carbon mass fraction and and Kulmala, M.: Atmospheric particle formation events at Var-

particle size, Atmos. Environ., 31, 661-672, 1997.

ri6 measurement station in Finnish Lapland 1998-2002, At-

Pierce, J. R. and Adams, P. J.: Efficiency of cloud condensation nu- mos. Chem. Phys., 4, 2015-2023, d6i5194/acp-4-2015-2004

clei formation from ultrafine particles, Atmos. Chem. Phys., 7,
1367-1379, doi:0.5194/acp-7-1367-2002007.

2004.

Vuollekoski, H., Kerminen, V. M., Anttila, T., Sihto, S. L., Vana, M.,
Pierce, J. R. and Adams, P. J.: Uncertainty in global CCN concen-

Ehn, M., Korhonen, H., McFiggans, G., O’'Dowd, C. D., and Kul-

trations from uncertain aerosol nucleation and primary emission mala, M.: lodine dioxide nucleation simulations in coastal and

rates, Atmos. Chem. Phys., 9, 1339-1356, lihB194/acp-9-
1339-20092009.

remote marine environments, J. Geophys. Res., 114, D00206,
doi:10.1029/2008JD010712009.

Ramanathan, V., Crutzen, P. J., Kiehl, J. T., and Rosenfeld, D.Wang, Y., Zhuang, G. S., Zhang, X. Y., Huang, K., Xu, C.,

Aerosols, climate, and the hydrological cycle, Science, 294,
2119-2124, 2001.

Riipinen, 1., Pierce, J. R., Yli-Juuti, T., Nieminen, T., Hakkinen, S.,
Ehn, M., Junninen, H., Lehtipalo, K., Pet&ja, T., Slowik, J.,

Atmos. Chem. Phys., 14, 113534365 2014

Tang, A. H., Chen, J. M., and An, Z. S.: The ion chemistry, sea-

sonal cycle, and sources of BMTSP aerosol in Shanghai, At-

mos. Environ., 40, 2935-2952, 2006.

www.atmos-chem-phys.net/14/11353/2014/


http://dx.doi.org/10.5194/acp-9-8601-2009
http://dx.doi.org/10.5194/acp-5-57-2005
http://dx.doi.org/10.5194/acp-10-11223-2010
http://dx.doi.org/10.5194/acp-9-7435-2009
http://dx.doi.org/10.5194/acp-9-7435-2009
http://dx.doi.org/10.5194/acp-7-1961-2007
http://dx.doi.org/10.5194/acp-7-1961-2007
http://dx.doi.org/10.5194/acp-7-1367-2007
http://dx.doi.org/10.5194/acp-9-1339-2009
http://dx.doi.org/10.5194/acp-9-1339-2009
http://dx.doi.org/10.5194/acp-11-3865-2011
http://dx.doi.org/10.5194/acp-11-3865-2011
http://dx.doi.org/10.5194/acp-11-1565-2011
http://dx.doi.org/10.5194/acp-11-1565-2011
http://dx.doi.org/10.5194/acp-6-5631-2006
http://dx.doi.org/10.1029/2007GL033038
http://dx.doi.org/10.5194/acp-11-3333-2011
http://dx.doi.org/10.5194/acp-4-2015-2004
http://dx.doi.org/10.1029/2008JD010713

C. Leng et al.: Impacts of new particle formation on aerosol CCN 11365

Wang, X. F,, Zhang, Y. P,, Chen, H., Yang, X., and Chen, J. M.: Wu, Z. J., Hu, M., Lin, P, Liu, S., Wehner, B., and Wieden-
Particle nitrate formation in a highly polluted urban area: a case sohler, A.: Particle number size distribution in the urban at-
study by single-particle mass spectrometry in Shanghai, Environ. mosphere of Beijing, China, Atmos. Environ., 42, 7967—-7980,
Sci. Technol., 43, 3061-3066, 2009. doi:10.1016/j.atmosenv.2008.06.02208.

Wang, Z. B., Hu, M., Sun, J. Y., Wu, Z. J., Yue, D. L., Shen, X. Yu, F. Q.. Effect of ammonia on new particle formation:
J., Zhang, Y. M., Pei, X. Y., Cheng, Y. F., and Wiedensohler, A.:  a kinetic HhSO4-H>O-NH3 nucleation model constrained by
Characteristics of regional new particle formation in urban and laboratory measurements, J. Geophys. Res., 111, D01204,
regional background environments in the North China Plain, At-  doi:10.1029/2005JD005962006.
mos. Chem. Phys., 13, 12495-12506, doi:10.5194/acp-13-12495Yu, F., Wang, Z., Luo, G., and Turco, R.: lon-mediated nucle-
2013, 2013. ation as an important global source of tropospheric aerosols, At-

Wang, Z. B., Hu, M., Wu, Z. J., and Yue, D. L., Reaserch on the mos. Chem. Phys., 8, 2537-2554, d6i5194/acp-8-2537-2008
formation mechanism of new particles in the atmosphere, Acta 2008.

Chim. Sinica, 71, 519-527, 2013. Yu, H., McGraw, R., and Lee, S. H.: Effects of amines on formation

Weber, R. J., Marti, J. J., McMurry, P. H., Eisele, F. L., Tanner, D. J.,  of sub-3 nm particles and their subsequent growth, Geophys. Res.
and Jefferson, A.: Measured atmospheric new particle formation Lett., 39, L02807, doi:0.1029/2011GL050092012.
rates: implications for nucleation mechanisms, Chem. Eng. Com-Yue, D. L., Hu, M., Zhang, R. J., Wu, Z. J., Su, H., Wang, Z.

mun., 151, 53-64, 1996. B., Peng, J. F, He, L. Y,, Huang, X. F., Gong, Y. G., and
Weber, R. J., McMurry, P. H., Mauldin, R. L., Tanner, D. J., Wiedensohler, A.: Potential contribution of new particle forma-
Eisele, F. L., Clarke, A. D., and Kapustin, V. N.: New parti- tion to cloud condensation nuclei in Beijing, Atmos. Environ.,

cle formation in the remote troposphere: a comparison of ob- 45, 6070-6077, 2011.

servations at various sites, Geophys. Res. Lett., 26, 307-310Zhang, R., Jing, J., Tao, J., Hsu, S.-C., Wang, G., Cao, J.,,

doi:10.1029/1998GL900308.999. Lee, C. S. L., Zhu, L., Chen, Z., Zhao, Y., and Shen, Z.: Chem-
Weingartner, E., Saathoff, H., Schnaiter, M., Streit, N., Bitnar, B., ical characterization and source apportionment obBN Bei-

and Baltensperger, U.: Absorption of light by soot particles: de-  jing: seasonal perspective, Atmos. Chem. Phys., 13, 7053-7074,

termination of the absorption coefficient by means of aethalome- doi:10.5194/acp-13-7053-2012013.

ters, J. Aerosol Sci., 34, 1445-1463, 2003. Zhang, R. Y.: Getting to the critical nucleus of aerosol formation,
Wiedensohler, A., Cheng, Y. F., Nowak, A., Wehner. B., Achtert, P., Science, 328, 1366—1367, 2010.

Berghof, M., Birmili, W., Wu, Z. J., Hu, M., Zhu, T., Takegawa, Zhang, R. Y., Khalizov, A., Wang, L., Hu, M., and Xu, W.: Nucle-

N., Kita, K., Kondo, Y., Lou, S. R., Hofzumahaus, A., Holland, ation and growth of nanoparticles in the atmosphere, Chem. Rev.,

F., Wahner, A., Gunthe, S. S., Rose, D., Su, H., and Pdéschl, U.: 112, 1957-2011, 2012.

Rapid aerosol growth and increase of cloud condensation nucleuZheng, J., Hu, M., Zhang, R., Yue, D., Wang, Z., Guo, S., Li, X,

activity by secondary aerosol formation and condensation: a case Bohn, B., Shao, M., He, L., Huang, X., Wiedensohler, A., and

study for regional air pollution in northeastern China, Geophys. Zhu, T.: Measurements of gaseous3D, by AP-ID-CIMS dur-

Res. Lett., 114, DO0GO08, dd0.1029/2008JD010882009. ing CAREBeijing 2008 Campaign, Atmos. Chem. Phys., 11,
Wu, Z., Hu, M., Liu, S., Wehner, B., Bauer, S., MaRling, A, 7755-7765, dot:0.5194/acp-11-7755-2012011.

Wiedensohler, A., Petgja, T., Dal Maso, M., and Kulmala, M.:

New particle formation in Beijing, China: statistical anal-

ysis of a 1-year dataset, J. Geophys. Res., 112, D09209,

doi:10.1029/2006JD007408007.

www.atmos-chem-phys.net/14/11353/2014/ Atmos. Chem. Phys., 14, 1133365 2014


http://dx.doi.org/10.1029/1998GL900308
http://dx.doi.org/10.1029/2008JD010884
http://dx.doi.org/10.1029/2006JD007406
http://dx.doi.org/10.1016/j.atmosenv.2008.06.022
http://dx.doi.org/10.1029/2005JD005968
http://dx.doi.org/10.5194/acp-8-2537-2008
http://dx.doi.org/10.1029/2011GL050099
http://dx.doi.org/10.5194/acp-13-7053-2013
http://dx.doi.org/10.5194/acp-11-7755-2011

