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Abstract. Aerosols and new particle formation were studied with a 90 % accuracy. In a similar fashion, a reasonably ac-
in the western part of the Yangtze River Delta (YRD) at the curate estimate of particle formation rates was derived. Com-
Station for Observing Regional Processes of the Earth Sysbined, these parameters allow for a description of particle
tem, Nanjing University (SORPES-NJU). Air ions in the di- formation based on a few basic measured variables.

ameter range 0.8—42 nm were measured using an air ion spec-
trometer, and a differential mobility particle sizer (DMPS)
provided particle number size distributions between 6 and

800 nm. Additionally, meteorological data, trace gas con-1 Introduction

centrations, and Pyt values were recorded. During the

measurement period from 18 November 2011 to 31 MarchAtmospheric aerosol particles play a significant role in
2012, the mean total particle concentration was found to b&earth's radiative balance (Lohmann and Feichter, 2005; Bel-
23000 cn73 and the mean P value was 90 pg me, well louin et al., 2008; IPCC, 2013), in addition to which they
above national limits. We observed 26 new particle formationhave adverse health effects (e.g., Wichmann and Peters,
events occurred during the measurement period, producing000; Pope and Dockery, 2006). A central phenomenon re-
6 nm particles at a rate of about 1 chs L. Typical particle ated to atmospheric aerosols is the formation of new parti-
growth rates were between 6 and 7 nnthOn average, new cles (nucleation) and their subsequent growth to larger sizes.
particle formation and growth were estimated to enhancelNis phenomenon has been observed almost all over the
cloud condensation nuclei concentration by about a factor ofvorld under a wide variety of conditions (Kulmala et al.,
two during these event days. lon measurements showed th&004; Kulmala and Kerminen, 2008). Model studies suggest
typical cluster band below 2 nm, with total ion concentra- that new atmospheric particle formation contributes signifi-
tions between about 600 and 1000¢nA peculiar feature ~ cantly to the global cloud condensation nuclei (CCN) bud-
of the ion measurements were heightened ion cluster condet and thereby to indirect climate forcing by atmospheric
centrations during the nights before the event days. At 2 nmaerosols (Merikanto et al., 2009; Yu and Luo, 2009; Kazil et
the formation rate of charged particles was only about 0.2 %@l 2010; Makkonen et al., 2012).

of the total rate, pointing towards an only marginal role of ~AS part of the general growing concern regarding envi-
ion-induced nucleation. Based on observations, a simple emonmental issues, aerosols and particle formation research
pirical criterion was deducted to estimate particle formationefforts have increased in China during recent years. How-
probability. Dominated by radiation and relative humidity, €Ver. so far only a few comprehensive studies have been pub-

the criterion can predict the occurrence of particle formationlished (e.g., Wu etal., 2007; Shen et al., 2011). Instead, many
projects have had a rather campaign character, presenting
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only a few weeks of observations. The published studies haverdinates are 32.22 and 118.95E. Nanjing has a humid
concentrated on the Beijing area (e.g., Yue et al., 2011; Gasubtropical climate with high relative humidity during sum-
etal., 2012; Zhang et al., 2011), Pearl River Delta, includingmer. Haze occurs frequently. In the summer, temperatures
Hong Kong (e.g., Liu et al., 2008; Gong et al., 2010; Yao et can be well above 30C, while temperatures somewhat be-
al., 2010), and urban areas in general (e.g., Gao et al., 200Tow 0°C are not uncommon during the winter months. The
2011; Xu et al., 2011), but with few data on background sitesstation is situated on a hill rising about 40 m above its sur-
(e.g., Guo etal., 2012). For example, the Yangtze River Deltaoundings, overlooking the new campus of Nanjing Univer-
(YRD) — a hotspot of human activity with its cumulative pop- sity, which can be considered a suburban environment. With
ulation of about 100 million people, the largest conglomerateprevailing easterly winds throughout the year, the station
of adjacent megacities in the world, and one of the motors ofmainly monitors YRD background air. The station currently
Chinese industrial development and — has seen only little remeasures aerosol particles, trace gases, fluxes, radiation and
search activity in terms of aerosols and their formation in themeteorological variables. A detailed account of the measure-
atmosphere (e.g., Huang et al., 2013). Most of the publisheanent station and its intents and purposes is presented in Ding
research does not extend to sizes below 10 nm of the aeroset al. (2013a).
particle diameter (e.g., Du et al., 2012), and no data have The site is located in a relatively rural environment with
been published on sizes down to that of freshly nucleatedew local emission sources within 2-3 km. There is a large
particles (1-2 nm). petro-industrial zone located about 5-10 km northwest of the
The Station for Observing Regional Processes of the Eartlsite, but because of prevailing winds from the east (Ding et
System, Nanjing University (SORPES-NJU), has been set u@l., 2013a) and some small hills between this zone and the
outside the city of Nanjing to measure mainly background airsite, these air masses are rarely transported to the site. Be-
masses at the western end of the Yangtze River Delta (YRD)sides these circumstances, an important local source of PM
The station is designated to evolve into a “flagship station”,worth mentioning is dust originating from nearby roads and
according to the proposition by Hari et al. (2009), and cur-intensive construction activities at the campus area and 2—
rently it houses a number of aerosol, trace gas and meteord® km east of the station: transport of soil and stones often
logical measurement instruments (Ding et al., 2013a, b). Inmake the roads very dirty and this dust can easily be blown
this article, we present the first results from ongoing, con-into the atmosphere by strong wind and vehicle-introduced
tinuous measurements of particle number size distributiongurbulence, especially during the dry winter season. These
performed at the SORPES-NJU site, the main focus being omctivities have been observed to affect particulate matter con-
atmospheric new particle formation. The measurement peeentrations at our site, especially in the coarse patrticle size
riod spans from 18 November 2011 to 31 March 2012, form-range, but their exact contribution is very difficult to quantify.
ing the longest and most comprehensive data set on aerosolhe influence of construction activities on submicron particle
and related variables in that region to date. number concentrations is expected to be minor. The mainly
Our main goal in this paper is to shed new light on the newregional sources are located in the east and southeast direc-
particle formation process and subsequent particle growth iion with a distance up to 300 km, with many factories/power
the background air of the YRD in China. Besides analyz-plants located along the Yangtze River, and more devel-
ing the general character of this phenomenon, we aim to adeped cities, such as Shanghai, Suzhou, Wuxi, Changzhou and
dress the following scientific questions: (1) how frequent is Nanjing city clusters, located on the south side of the Yangtze
regional new particle formation at our site, and how is it af- River.
fected by the presence of sulfuric acid and related factors? (2)
Do ions play any role in the new particle formation process?2.2 Instrumentation and measurements
(3) Does new particle formation influence regional cloud
condensation nuclei concentrations? We will also investigateThe central aerosol instrumentation used in this study con-
whether it is possible to make any predictions about the ocsists of an air ion spectrometer (AlS) and a differential mobil-
currence of new particle formation at our measurement sitdty particle sizer (DMPS, built at Helsinki University). Sim-
based on available knowledge about the factors influencinglar instrumentation combinations have previously been suc-
this process, and whether such predictions can be extendezkssfully used in the study of atmospheric nucleation (e.g.,
to the new particle formation rate. Manninen et al., 2010).
The AIS consists of two parallel DMAs (differential mo-
bility analyzer) for negative and positive air ions, respec-

2 Measurement station tively. The inner walls of the DMAs are oultfitted with elec-
trometers, allowing for a direct detection of the currents
2.1 Site and location caused by ion impact on the wall. The AIS detects ions be-

tween 0.8 and 42 nm (mobility) diameter in 21 channels (size
The measurement site, SORPES-NJU, is located about 20 kmanges) per DMA. During the measurements presented here,
east of downtown Nanjing in eastern China. The exact co-the AIS was operated in a 2 plus 1 min cycle (2 min sampling
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Fig. 1. Location of the SORPES-NJU measurement station within eastern China and the Yangtze River Delta (YRD).

plus 1 min background determination), making for a time res-Table 1. Instruments used in this study.
olution of 3min. To minimize data deterioration caused by

the deposition of particles on the inner surfaces of the DMAs, = Measurements Instruments
both analyzers_, _had to t_)e cleaned thor(_)Ug_hly atleast ONCe PEr  aerosol particles 6-800nm ~ DMPS (University of Helsinki)
month. Deposition of dirt onto the nets inside the venturi flow Air ions 0.8-42nm AIS (Airel Ltd., Estonia)
tubes can lower the flow rate and thus effect the operation of PMgs TEI SHARP-5030
the mobility analyzers. These nets were cleaned at least once O3 TEI 49i

SO TEI 43i

per week. Data were verified visually and based on typical Metrological parameters (Air  CAMPBELL CR3000-TD
signatures; poor quality data were excluded on a full-day ba-  oherature,global radiation,
sis from further numerical analysis. The AIS is described in  wind, relative humidity)
detail in Mirme et al. (2007).
The differential mobility particle sizer used in this study

can be described as a "virtual twin” DMPS, i.e., a single o5 described in great detail by Kulmala et al. (2012). The

DMPS run at two different flow rates to extend its size range g.q\th rate (GR) of a particle population can be expressed as
(Salma et al., 2011). The inlet was equipped with an im-

pactor of 2.5 um cutoff diameter to avoid the deposition of

large particles inside the instrument. The sample was drie R— Adp  Adp _ dp2—dp1

using Nafion tubes, and equilibrium charge was ensured by” ~~ dr At -1

two americium-241 sources (each about 37 kBq). Particles . )

are counted by a TSI 3772 butanol CPC (condensation par@S close to the measured formatiowhere the diametets;

ticle counter). The DMPS provides the number size distri-2nddp2 describe the particle population at timgsndzy, re-

bution between 6 and 800 nm mobility diameter. The time Spectively. Within the framework of the Kulmala et al. (2012)

resolution is 10 min. protocol, the maximum concentration method was used, in
Besides aerosol and air ion size distribution data, this study?hich the center of the measured size bin is used as the rep-

also uses the following data: P, global radiation, tem- re':sentatlve.dlameter. The formation ratg of particles of

perature, wind speed and direction, ozone concentration, angiameterd is calculated as

SO, concentration. All instruments used are listed in Table 1

and more Qetailed descriptions of the instrumentations werey, = dp +Coag$, - Ny, + ﬁ - Ny, + Siosses (2)

given by Ding et al. (2013a). dr P Adp

1)

_ Here, Coags is the coagulation sink for particles between

2.3 Data analysis dp and dp+ Adp, GR is their respective growth rate, and
Siossescovers additional loss processes. For the treatment of
The analysis of the particle size distribution data in generalions, additional terms are necessary to include recombination
and particle formation events in particular follows the proce-and charging by smaller particles. The actual nucleation rate,
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i.e., the formation rate of critical clusters, can be deducted (@) Temperature

from the apparent formation rate using the condensation or _=» [,
coagulation sink and (an estimate of) the growth rate between
the relevant sizes as parameters (Lehtinen et al., 2007). Also
values such as the concentration of available vapor or the va:
por source rate can be extracted from size distribution data
(see Kulmala et al. (2012) for further details).

Sulfuric acid has been identified as the main driver of at-
mospheric nucleation (Kerminen et al., 2010; Sipila et al.,
2010; Kulmala et al., 2013) and an important contributor
to the growth of newly formed particles (Boy et al., 2005;
Fiedler et al., 2005; Yue et al., 2010). Theoretically, gaseous
sulfuric acid concentrations are expected to depend on sulfugig. 2. Meteorological conditions during the measurement period
dioxide concentration, radiation level and preeXiSting parti-lg November—31 Marcha) Temperature with daily averages and
cle loading, more specifically condensation sink (Petdja ekeasonal trendb) Global radiation and relative humiditc) Wind
al., 2009). The most comprehensive semi-empirical sulfu-direction wind rose.
ric acid proxy to date has been constructed by Mikkonen et
al. (2011), who compared data collected at seven sites in Eu- . ,
rope and North America. They have determined a proxy for3 Results and discussion
eat_:h site as well as a unlvgrsal_proxy that is thought to be?,.l Overview of the measurements
valid elsewhere as well. Their universal proxy has the form

() Wind direction wind rose [%]

Temperature [°C

(b) Global radiation & Relative humidity (daytime) 90°

N
N
<

Relative humidity [%]

Radiation [Wm™]

180°

[M2SOslumvereal= 8.21 x 102 -k - Radiatiort® 3.1.1 Meteorological conditions

[S]%82. (CS- RH) 013, (3) The data presented in this study covers the period from the
middle of November 2011 to the end of March 2012, i.e., lo-

wherek is the reaction rate constant and dependent on temeal winter, framed by late autumn and early spring. The av-
perature. Radiation, [S) CS, and RH are (global) ra- erage mean temperature during this period wasG, 2vith
diation, SQ concentration, condensational sink, and rela-daily averages from-3.0 to 20.2C. The temperature pro-
tive humidity, respectively. Among the sites considered byfile (Fig. 2a) was characterized by quite a regular oscillating
Mikkonen et al. (2011) is the city of Atlanta, Georgia (USA), shape, indicating the passing of cold fronts. Throughout the
which has similar climate conditions to Nanjing. Therefore measurement period, daily average temperatures oscillated
we have also used the best Atlanta proxy to gain an estimatey as much as 10C within a few days. However, underlying
of sulfuric acid concentrations. The Atlanta proxy has thethis fluctuation, the seasonal trend was clearly visible.

following form: The radiation (Fig. 2b) did not exhibit a clear seasonal be-
o havior for most of the measurement period, as the change

[H2SO4] agianta = 1.30x 10" - k - Radiatiort-1° in the Sun’s position would suggest. The significance of this
[S0,]%69. 5058 . RH192 (4) observation will be discussed in the sections related to nu-

cleation frequency and nucleation characteristics. However,
To gain more insight into the relation of incoming air the radiation data plot quite convincingly conveys its anti-
masses and nucleation behavior, we used the Hybrid Singlecorrelation with the humidity data in the same panel: high
Particle Lagrangian Integrated Trajectory (HYSPLIT) dis- humidity suggests rain or clouds, which again means less
persion model (Draxler and Hess, 1998), following a methodradiation at the ground level. The wind direction wind rose
described by Ding et al. (2013c). For each day when nuclehistogram (Fig. 2c) reflects the dominance of easterly winds,
ation was observed, the model was run 1-day backwardlywith the main wind direction being around’8nd almost all
with 3000 particles released 100 m over the measuremenwind directions between 30and 120. This means that the
site. Thus, a footprint (with a layer of 100 m) “retroplume” station hardly ever sees pollution from downtown Nanjing in
was identified, providing information about the origin and the west and the industrial zone in the northwest, whereas air
history of the observed air masses (more detail about thenasses from the YRD occur frequently. The impact of this
modeling method have been provided by Ding et al., 2013c)on aerosol characteristics and new particle formation will be

discussed in the appropriate sections.
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(2) lon clusters (b} Nucleation mode erly). Secondly, when the wind came from the north (0330
nucleation mode concentrations were almost twice as high as
for the other wind directions. These observations can be in-
terpreted as a higher nucleation probability for northern air
masses and a lower nucleation probability for other wind di-
rections. Comparing this to the Aitken and especially the ac-
cumulation mode (Fig. 3c and d), we observed rather low

180° 180° particle number concentrations in the Aitken and accumula-
tion mode for the northern air masses. This suggests that the
() Altkerymade {d) Aceumulation mode high nucleation mode concentrations (i.e., higher nucleation

probability) in this sector can be explained at least partly as a
consequence of lower concentrations of particles, attributing
the dominant contribution to the condensation and coagula-
tion sink. In accordance with this, relatively high concentra-
tions of Aitken and accumulation mode particles were asso-
ciated with easterly winds, explaining the lack of nucleation
180° o0 from this direction by the same mechanism.
During the measurement period from 18 November 2011
Fig. 3. Air ion and aerosol mode concentrations (all'tas a g 31 March 2012, on average (median), a total (sum of pos-
function of wind dlr_ectlon(a) lon clusters <2 nm(b) Ngcleatlon itive and negative ions) of 770 ¢ ion clusters below 2 nm
gnoo_dgeog}zn? nm(c) Aitken mode 25-90 nn{d) Accumulation mode diameter were observed, with the 25th and 75th percentiles
' being 600 cm® and 970 cm3, respectively. These observa-
tions are in line with earlier findings that the “cluster band”
3.1.2 Aerosol characteristics below 2 nm is almost always present and subject only to rel-
atively small fluctuations (Hirsikko et al., 2005). Between
Figure 3 illustrates how air ion concentrations and modal6é and 25nm, i.e., in what could be considered the nucle-
aerosol particle concentrations depend on the wind directionation mode, a median of 3500 crhparticles was observed,
In Fig. 3a, the ion clusters represent the sum of positive andwvith 25th and 75th percentiles of 2100 thand 6000 cm®,
negative ions below 2 nm of mobility diameter (note: gen- respectively. For the Aitken mode (25-90 nm) and the ac-
erally, in this manuscript, the unqualified “ion” will always cumulation mode (90-800 nm), the median (25th and 75th
mean total ions, i.e., the sum of positive and negative ions)percentiles) were 8500 crd (6100 and 11500 cn¥) and
The nucleation mode (Fig. 3b) covers the diameter range 6 t&600 cnt3 (4700 and 9100 cr?), respectively. To estimate
25 nm, the Aitken mode (Fig. 3c) the range 25 to 90 nm, andthe fraction of charged particles, we integrated ion and par-
the accumulation mode (Fig. 3d) the range 90 to 800 nm. ticle number concentrations in the instruments’ overlapping
Considering the ion clusters, the most interesting detail isregion from 6 to 30 nm. For the total particle to ion ratio, we
the comparison to the accumulation mode in Fig. 3d. Whilefound a median value of 4.4 (percentiles 3.4 and 5.9). Ta-
the ion cluster concentration did not change much with theble 2 lists these humbers together with the mean, median,
wind direction, it appeared to have some inverse relation withand 5th, 25th, 75th and 95th percentiles to characterize the
the accumulation mode particle number concentration: theaerosol population more completely. Considering modal par-
accumulation mode particle number concentrations were théicle number concentrations, the nucleation and Aitken mode
highest at the wind directions betweerf&hd 180, while showed the largest variations, accounting for days with and
ion cluster concentrations were the lowest for the same windvithout new particle formation. The range of accumulation
directions. There was also a local maximum in the ion clus-mode concentrations, on the other hand, was not related to lo-
ter concentration between about 32hd 360 and a corre-  cal phenomena but rather an indication of the pollution level
sponding minimum in the accumulation mode particle num-of the incoming air masses. Accordingly, the median and per-
ber concentration. However, this latter feature should not becentiles of PM s mass concentrations (79, 47, 116 pgin
overstated as winds from that direction are rare (Fig. 2c) andjuite closely followed the respective percentiles of the accu-
statistics thus poor. In any case, the relationship between iomulation mode particle number concentrations.
cluster and accumulation mode concentration can be easily
enough explained with the coagulation sink due to accumu3.2 Aerosol formation and growth
lation mode particles, which remove small clusters and par-
ticles. 3.2.1 General characteristics
The nucleation mode (Fig. 3b) displayed two main fea-
tures. Firstly, the average nucleation mode concentration#\ll recorded new particle formation events were of type 1b.2,
were relatively low in the prevailing wind direction (east- according to the classification by Hirsikko et al. (2007), with

270°
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Table 2. Aerosol population statistics.

Diameter [m]

E. Herrmann et al.: Aerosols and nucleation in eastern China

Mean 5th percentile 25th percentile Median  75th percentile  95th percentile
Total N [cm 3] 23300 9300 14600 20000 26400 38700
lon clusters [crm 3] 840 240 600 770 970 1450
Nucl. mode [ch3] 6700 960 2100 3500 6000 14 300
Aitken mode [cnT 3] 9500 3700 6100 8500 11500 18700
Accu. mode [crﬁ3] 7100 2500 4700 6600 9100 12600
PMy 5 [ug m3] 90 24 47 79 116 194
CS[1072s7]) 5.4 1.7 3.0 41 5.6 7.7
(b)

(a) DMPS Nanjing 31-Mar-2012

100000

1000

dN/d(logD) [em™]

12:00
Time

00:00 06:00

18:00

00:00

Nucleation probability [%]

20
270° 90°

.
»
g3
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3
E]
A

180°

110 115 120 125
Longitude (Deg E)

Fig. 5. (a) 1-day footprint retroplume for event days in a map of
Fig. 4. Example of a typical particle formation event seen with both eastern China. The measurement site is marked by a whitéxlot.
the AIS (b) and the DMPSa). Note the difference in color scale. Observed nucleation probability at the site as a function of the di-
Typical for particle formation events observed at the SORPES-NJUrection of the incoming air mass.
station is the gap visible in the AIS data, indicating that the neutral
pathway dominates particle formation.

The wind direction and the origin and history of the incom-
ing air masses have been found to play a significant role in

Table 3. Event statistics.
new particle formation (Sogacheva et al., 2005; Dal Maso et

Event Non-event Undefined/ al., 2007). Figure 5 summarizes the situation at the SORPES-

days days no data NJU site for the measurement period. The nucleation proba-
Nov (18-30) 1 5 8 bility was quite high (around and over 40 %) for most wind
Dec 4 23 4 directions (Fig. 5b), while being rather low for the easterly
Jan 7 13 11 winds between about 45and 100. Incidentally, the direc-
February 7 12 10 tion of the low nucleation probability is also the prevailing
March 7 12 16 wind direction (see Fig. 2), amounting to the total nucle-
TOTAL 26 65 45 ation probability of about 20 %, as noted earlier. Figure 5a

shows the 1-day retroplumes calculated by the Lagrangian
dispersion model HYSPLIT for the nucleation event days
a noticeable gap between the cluster band below 2nm an[ﬁcorded during the measurement perigd. Itis notgwprthy
what is informally called the nucleation “banana” (Fig. 4). }r:rtni\rllzn[t\?NVéerz;?z;ytﬁgsrﬁ;\;e?gggefzaf g?rize; %ﬁ&nated
The growth of nucleated particles could be observed over,” . . .

several hours after the initial onset of particle formation. New_dlrectmns). Itseems p_IausubIe that air masses f“’”? SSW typ-
particle formation was observed on 26 days during the me ically pass over heavily poliuted Nanjing and adjacent in-

: : ._dustrial areas and are therefore so saturated with particles
surement period (Table 3), which corresponds to anucleatlor?hat the high condensation sink makes new articlepforma-
probability of about 20 %. Nucleation was observed to take ion unlikeiq The accumulation mode in Fi p3d with the
place during all months of our measurements, with somewh ighest cor)ll.centrations in the south suppo?té this view. A
| ivi ring November and December. - . . '
ess activity during November and Decembe striking feature of Fig. 5a is the “gap” to the east (ca. 100—
130°). This gap is home to Shanghai, Suzhou, and Wuxi —
essentially all major cities in the YRD. Ding et al. (2013a)

Atmos. Chem. Phys., 14, 2162183 2014 www.atmos-chem-phys.net/14/2169/2014/
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found an important potential source contribution from this (e.g., Kulmala et al., 2004; Ménkkénen et al., 2005; Qian et
city cluster to trace gases and aerosol mass concentratiorad., 2007; Salma et al., 2011). A similar variability is also
measured at the SORPES-NJU site. Figure 5a thus stateeflected in measurement conducted in China. The forma-
that practically no new particle formation was observed intion rate of 3nm particles has been reported to range from
air masses coming from the cities of the YRD, from where 3.3 to 81cnm3s~! in Beijing (Wu et al., 2007), from 0.5
the air masses are often associated with high particle loadto 5.2cn3s1 in the Pearl River Delta (Liu et al., 2008),
ings (Ding et al., 2013a). It has to be underlined that Fig. 5aand from 0.7 to 73cm®s~! with a mean of 8.0cm3s™1
and b, while both providing information on the incoming air in the North China Plain (Shen et al., 2011). The forma-
masses, represent different aspects of the situation. The retréion rates of 5.5 nm particles were found to vary between
plumes in Fig. 5a illustrate a regional picture of the transportabout 1 and 10cmf s at a mountain site in Hong Kong
of air masses during the last 24 h before the nucleation even{Guo et al., 2012), whereas formation rates below 1&at?
while the wind directions in Fig. 5b show the local situation were reported for 10 nm particles in urban Shanghai (Du et
during the event. al., 2012). The new particle formation rates observed at the
To shed further light on the interplay between nucleatedSORPES-NJU station appear to be in the middle to upper
and larger particles, we compared particle number concenranges of those observed elsewhere in China until present
trations in two size regimes to those observed in a few otheday.
sites (Table 4). In the diameter range 10-100 nm, i.e., where Comparing the values of;, and Jg between ions and total
new particles should contribute, Gao et al. (2009) observegarticles (ionst+ neutral particles) provides insights into the
over 28000 particles cn? outside Shanghai, while we saw role of ions in the new particle formation process. The mean
only 13000 particles cm? outside Nanjing. Part of this dif- ~formation rate of 2 nm ions was 0.02 crhs ! at our site (see
ference might well be explained by the different measure-Table 6), which is among the lowest values reported in the
ment periods, yet the theory that high preexisting particleliterature (Hirsikko et al., 2011). The ratio between charged
loads suppresses nucleation seems a more plausible expland total 2 nm particle formation rates had a mean value of
nation: between 100 and 500 nm, the SORPES-NJU site waB.2 % (the median was 0.07 %), much lower than the typical
exposed to almost fourfold particle concentrations comparedzalues between about 1 and 30 % at different sites in Europe
with the Shanghai site. Considering the prevailing easterly(Manninen et al., 2010). The formation rate of 6 nm ions was
winds (i.e., from Shanghai and YRD), it is also fairly ob- somewhat higher than that of 2nm ions, and the ratio be-
vious that much of the accumulation mode observed at theween charged and total 6 nm particle formation rates had a

SORPES-NJU site has its origin in the YRD. mean of 7.7 % (median 4 %) (Table 6). These features can
be explained by aerosol dynamics in the sub-6 nm diameter
3.2.2 Particle formation rate and the role of ions size range: concentrations of neutral particles are continu-

ally being reduced during their growth from 2 to 6 nm due to

We determined the formation rate of 6 nm particlés, for their coagulation with larger preexisting particles (Lehtinen
each nucleation event separately. The median valugwhs  etal., 2007), whereas concentrations of ions are also affected
equal to 0.82 cm®s~1, and the corresponding 25th and 75th by ion—ion recombination and ion—aerosol attachment tak-
percentiles were 0.51 and 1.23ths . To gain more in-  ing place in the sub-6 nm size range (Kerminen et al., 2007;
sight into the actual nucleation rate and its connection withLeppé et al., 2009). These processes frequently create an ap-
ions, we further estimated the formation rate of 2 nm parti- parent “gap” in ion concentrations between about 2 nm and
cles, following the method outlined by Kulmala et al. (2012). a few nanometers, as seen in Fig. 4, and also explain the ob-
We found that the median value &f was 23.9cm3s 1, i.e., served increase in the ratio @f, to Jiota from 2 to 6 nm (Ta-
about 30 times the value ok, and that the 25th and 75th ble 6). Consistent with observations by most others in conti-
percentiles of/, were equal to 14.8 and 56.8 crhs™2, re- nental boundary layers (Hirsikko et al., 2011; Kulmala et al.,
spectively. The estimated values &f should be interpreted 2013), our measurements indicate only a minor role of ions
with care, since the conversion frodg to J> is known to in the new particle formation process.
be sensitive to the size-dependent growth profile of sub 6 nm An intriguing feature in the behavior of ions is shown in
particles (e.g., Korhonen et al., 2011), and we did not haveFig. 6a: there is a small, but we believe important, differ-
accurate information on this profile. ence in cluster ion concentrations (< 2 nm) between the event

The particle formation rates observed at the SORPES-NJlWnd non-event days. We can see that cluster ions concentra-
station are clearly higher than those typically observed intions increased during the event days before the new particle
most remote or moderately polluted environments (e.g., Kul-formation started, with peak concentration observed on av-
mala et al., 2004; Dal Maso et al., 2007; Asmi et al., 2011).erage around 04:00 LT, several hours before the sunrise. A
In urban environments, particle formation rates tend to benoteworthy detail is that the subsequent decline in the clus-
larger than 1 cm3s1, even though the reported values span ter ion concentration was then accompanied by a slight in-
over two orders of magnitude, depending on location, daycrease in the intermediate ion concentration (Fig. 6b). When
and the size at which the formation rate has been determinethe new particle formation started properly between about
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Table 4. Aerosol numbers (ci) in Nanjing and Shanghai compared to other cities around the world.

10-100nm  100-500 nm

Shanghai, China 28511 1676 Gao et al. (2009)

Nanjing, China 13000 6200 This work

Alkmaar, Netherlands 18 300 2120 Ruuskanen et al. (2001)
Erfurt, Germany 17700 2270 Wichmann and Peters (2000)
Helsinki, Finland 16 200 973 Ruuskanen et al. (2001)
Pittsburgh, PA, USA 14300 2170 Stanier et al. (2004)

Atlanta, GA, USA 21400 n/a Woo et al. (2001)

Table 5. Event characteristics.

Mean 5th percentile  25th percentile Median  75th percentile  95th percentile

Jg [cm™3s71] (observed) 1.1 0.25 0.5 0.8 1.2 35
Jo [cm*3 3—1] (calculated) 33.2 2.6 14.8 23.9 56.8 75.6
GR 6-30 nm (DMPS) [nmhl] 8.5 45 6.1 6.9 10.9 15.4
GR 3-7nm (AIS) [nm 1] 6.3 2.4 4.5 5.9 7.9 11.8
GR 7-30nm (AIS) [nm h!] 8.0 35 5.2 6.7 8.2 16.0
CS[102sY 2.4 0.9 2.0 25 3.1 3.8
Q0 [10°cm3s7]] 3.8 1.0 2.2 3.0 5.5 75

GR = growth rate,Q = source of condensable vapors

(@) Cluster ions < 2 nm the night could have had a direct effect on new patrticle for-
mation, especially because the role of ion-induced nucleation
——nor:event days seemed to be rather small. A more feasible explanation is that
the ion cluster behavior correlated with processes or condi-
. tions that directly or indirectly favor new particle formation.

=]

Concentration [crris]

(b) Intermediate ions 2-7 nm

0T ' ‘ 3.2.3 Particle growth and CCN production
—non-event days

The extremely low concentrations of the smallest (<3 nm
diameter) ions (see the gap in Fig. 4) made it impossible
(¢) Large ions 7-20 nm to estimate the growth rate of sub-3nm particles. For par-
S | ‘ ‘ ticles between 3 and 7nm in diameter, the median growth
rate was 5.9 nmht based on the AIS measurements, with
25th and 75th percentiles of 4.4 and 7.9 nmMhrespec-
. ‘ ‘ ‘ tively (Table 5). The corresponding median growth rate (and
0 6 Smeot tedil 18 24 percentiles) for 7-30 nm particles was 6.7 nmti{5.2 and
8.2nmh1). Based on the DMPS data, the median growth
Fig. 6. Median diurnal cycles for different ion sizes, separated (gte of 6=30 nm particles was 6.9 nmthwith percentiles of
by days with and WithOUt new particle fornjatio_n (event/non-event6_1 and 10.9 nmhl, and particles larger than 30 nm in diam-
days)'.(a) Cluster ions <2 nm(b? Intermediate ions 2-7 nn.(?) ter grew almost as fast (median 6.6 nnth These values
Large ions 7-20 nm. Concentrations refer to the sum of positive ande Ly . .
negative ions. are well W|t_h|n the range of obseryatlons made in Europe
(e.g., Manninen et al., 2010). In China, urban measurements
have typically yielded somewhat smaller new particle growth
rates, with typical mean values between about 3and 6mh
09:00LT and 11:00LT (Fig. 6b), the cluster ion concentra- (e.g., Yao et al., 2010; Du et al., 2012; Gao et al., 2012). Ob-
tion had almost returned to the level typical for non-eventserved particle growth rates in Beijing show a large variabil-
days. Since the new particle formation occurred 5 to 7 h afteiity, ranging from below 1 nmht to values >30 nmht (Wu
the observed peak in the cluster ion concentration, it is highlyet al., 2007; Wang et al., 2011, Zhang et al., 2011; Gao et al.,
unlikely that the increased cluster ion concentrations during2012). In suburban Shanghai, Gao et al. (2009) found a mean

Concentration [cn‘ia]

Concentration [cm‘a]
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Table 6.lon and total nucleation rates at different diameters, mean values.

AIS (ions) DMPS AIS/DMPS AIS/DMPS (25/50/75th percentiles)

Jo[em—3s7 0.02 332 0.002 0.0003/0.00075/0.0015
Jg[cm—3s7 0.05 1.1 0.077 0.0227/0.0399/0.0626

*calculated value

particle growth rate of 6.4 nnTH, which is quite close to our SO, concentrations than non-event days. Moreover, no cor-

median value. relation could be observed between temperafuaad nucle-
The relatively large particle formation and growth rates ation probability (not shown) in Nanjing. Thus, a parameter

observed at the SORPES-NJU station suggest a potentiallgeflecting observations at the SORPES-NJU station should

large contribution of nucleation to the regional CCN bud- have the following form:

get. By following the approach outlined by Kerminen et ) b .

al. (2012), we calculated the relative and absolute increaseg: CS'-[SGy” - RH (6)

in CCN number concentrations, following atmospheric nu- Radiatioff

cleation by using the total number concentrations of particleSyhere a4, b, ¢, andd are fitting parameters having positive
larger than 50, 80, 100 or 150 nm in diameter as proxies fokalues. These parameters can then be optimized in such a
CCN at different water supersaturation levels (Table 7). Typi-yay that the overlap between data points representing event
cal absolute increases in CCN number concentrations duringnd non-event days becomes as small as possible. For the
the nucleation event days were several thousand particle's P#heasurement period, the smallest overlap found was 10 %,
cm’. These values are comparable to those reported earlier ifyhich means that the lowest 10 % of the non-event day data
Beijing (Wiedensohler etal., 2009; Yue etal., 2011), but con-points and the highest 10 % of the event day data points over-
siderably larger than those measured elsewhere in contmentpépped_ For the best separation, the values of the fitting pa-
boundary layers until present day (see Kerminen et al., 20123 meters were: = 1.6, b = 0.6, ¢ = 5.6, andd = 3.5 (see
and references therein). In spite of the high preexisting CCNrig. 9a). At face value, these exponents are well within rea-
number concentrations at the SORPES-NJU Station, the nLgon_ The exponent for % quite Sma”, indicating the dual
cleation events enhanced CCN number concentrations on thg)le of SQ, as discussed above, and highlighting that, ulti-
order of 100 %, similar to what has been observed in morémately, actual S@concentrations are of minor importance
remote environments (Kerminen et al., 2012). We concludender heavily polluted conditions. The remaining variables,
that atmospheric nucleation is a potentially large contribu-cs RH, and radiation, and their exponents roughly repre-
tor to CCN and thereby on aerosol indirect effects over thesent [H,50,]-3 (see Eq. 4) only without S£ again point-
YRD and similar regions, warranting future measurementsing out that the role of S@in the sulfuric acid proxy is the
and modeling studies on this subject. main source of uncertainty. Linking our empirical criterion
to [H2S04] 2 is a significant departure from the criterion by
McMurry et al. (2005), where sulfuric acid had the exponent
Just as the sulfuric acid proxy is a useful tool in the absence\c/);r_ueliioi’:i\;ir’tgvggeuzigﬁsr?;glg tﬁ‘;‘f?ﬁzsf;omurl?n';\;e?:f
of sulfuric acid measurements, a simple parameter for preE:alyex orients do not necessarily provide deeper inysi htpinto
dicting whether nucleation takes place or not based on a num: pone yp € aeep 9

: ._the formation process. The reason for this lies in the very na-
ber of key variables would be a useful tool for e.g., modeling e . .

ture of the optimization process in which they were found.

purposes. McMurry et al. (2005) developed such a parame:

ter (which they named new patrticle formation criterion) and -Srgz dprt(rjmzeesf \:Jvr?sn?;;rceolri]li:;m; db\év';? Efﬁlcﬁ: tlbe dh(;\é'?r:ir:gd
tested it for the conditions in Atlanta. Using the sulfuric acid X P y 9 y

proxy for Atlanta, this criterion can be rewritten as by data points which are far away frern mecﬁari vaIrJ es. How-
ever, at 90 % separation, this empirical criterion is an easy
CSL53. RHL 92 and reliable way to predict a main parameter of particle for-
L'~ . (5)  mation.
iatior}-10. 0.69. 705 - o

Radiatiort*°- [SO,] r Similar to the above approaches for sulfuric acid and par-
If L' is smaller than a certain threshold value, particle forma-ticle formation criterion, an attempt can be made to describe
tion should be observed. Considering the application of thisthe particle formation rate in terms of the same parameters:
parameter to the Nenjlng cendltlons, we notice thet Eq. (5)Je.theo= knpr - Radiatiorf [SOs]” - RHC - CS'. @)
is actually not consistent with the data presented in Fig. 7.
The equation treats S@xs a factor favoring particle forma- In this equationknpr is a constant factotfs teo IS given in
tion, while Fig. 7b clearly shows that event days show lowerunits cn3s~1, radiation is given in Wm?, [SOy] is given

3.2.4 Predictions
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Table 7.Increase in CCN concentration during particle formation days. The number of particles above a certain size (CCN threshold in this
table) was used as a CCN proxy. The percentages behind the mean and median values give the mean and, respectively, median increase
percent.

CCN threshold 25th percentile  Mean (%)  Median (%) 75th percentile

>50nm[cnT3] 5400 6950 (106) 7900 (99) 9400
>80nm[cnT3] 3500 4680 (124) 5000 (83) 5800
>100nm [cnT3] 2800 3430 (137) 3600 (73) 4000
>150nm [cnm3] 1200 1730 (134) 1550 (98) 1700
(e) Clobal raistion &) SO, concenration measured formation rates can be matched with= 0.77

(see Fig. 9b). The temperature was not included in Eq. (7) be-
cause our tests showed that including this parameter did not
produce a better fit. Just as with the particle formation cri-
terion (Eg. 6), the nucleation rate again shows the exponents
for radiation and condensational sink with a factor of roughly
3 when compared to the Atlanta sulfuric acid proxy. Com-
pared with the criterion for occurrence of nucleation (Eg. 6)
and sulfuric acid proxy (Eq. 4), RH seemed to play almost
no role in actual particle formation rate, indicating that its
S role in Eqg. (6) is to act first and foremost as an indicator of
et general conditions with relation to potential particle forma-
Fig. 7. Diurnal cycles of median values of relevant parameters fortlpn' SQ’ with a different subset of data,’ has changed t,he
days with and without new particle formation. The dashed lines rep-5'9" of its eXPO”e”t- In §h9rt, the analygls Sho_WS formation
resent the respective quartilés) Global radiation(b) SO, concen- 0 be determined by radiation as the main driving force and
tration. (c) Condensational sinkd) Relative humidity. condensation sink as the main obstacle. This parameteriza-
tion provides a relatively simple way to predict formation
T — T — rates. Given actual measurements of sulfuric acid (instead of

; ‘ : : a proxy) and a lower aerosol detection limit, this analysis

can also provide a link between sulfuric acid and nucleation
i rate of the formJ ~ [H2SOy]”, which provides insight into

the formation mechanism. With the current state of instru-
mentation, the tentative ~ 3 has to be considered as rather
speculative and unreliable, even if recent results by Wang et
al. (2011) show that, in China,can significantly exceed the
typical range between 1 (cluster activation) and 2 (kinetic nu-
cleation).

(c) Condensational sink (d) Relative humidity

o
3

2
3

Relative humidity [%]

s
=)

——CS, Event days
——CS, Non-event days

0 6 18 24 0 6

12
Time of day [h]

0 6 1218 24 0 6 12 18 24 4 Summary and conclusions
Time of day [h] Time of day [h]

Fig. 8. Diurnal cycles of median values of two sulfuric acid proxies, 1€ Station for Observing Regional Processes of the Earth

according to Mikkonen et al. (2011). Separated for days with andSystem at Nanjing University (SORPES-NJU) is set up to

without new particle formation. The dashed lines represent the remeasure atmospheric processes continuously and on a long-

spective quartilega) Best universal proxyb) Best Atlanta proxy.  term basis. As part of the station’s operations, aerosol and air
ion measurements started in the end of 2011. In this paper,
we present the first data from these measurements, giving a

in ppb, RH is given in %, and CS is given in’s The pre-  broad and in-depth analysis of the data with a special focus

factor and the exponenis b, ¢, andd can then be optimized on ions, new particle formation, its conditions, and its effects

in such a way (allowing for positive and negative values for on CCN concentrations.

all exponents) that/s iheo is @s close to the measured for-  From the middle of November 2011 to the end of

mation rate/s measas possible (least squares fit). The best fit March 2012, an air ion spectrometer (AlS) and a differential

obtained this way gavieypg = 2.75x 10713, ¢ =3.0,b =1.0,  mobility particle sizer (DMPS) monitored the air ion (0.8—

¢=0.3, andd = —1.9. With these values, theoretical and 42 nm) and aerosol (6—800 nm) populations at a site outside
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(a) Particle formation criterion (b) Formation rate parameterization eter range 0.8—2 nm. The median total ion concentration was
) " Rzt 770 cnr 2 with quartiles of 600 cm® and 970 cm 3, indicat-
L Ny ts o ing quite small variability in the small ion concentration. The
e S - . .
il T % Jo ;- o o A formation rate of 2 nm ions was at the low end of values re-
2 e Y s K . . R
5 . ; LA S0 . ported in the literature, contributing only 0.2 % to the total
20 ¢ . . g oy * . .
£ - A ; 5 " ’3. formation rate of 2 nm particles. We conclude that the con-
AP & i 5104 S ", tribution of ions to atmospheric new particle formation was
¥ ry b £ . pe .. . . .
* 8 ke 3 . almost negligible in air masses affecting our measurements,
L e dtittte -+ . . .
" i = L supporting the current view that neutral pathways dominate
_ : new particle formation in continental boundary layers.
Time 10" 10’ 10' . . . -
3 ) e To this end, a comparative analysis of the conditions dur-

] o ) ) o ing event and non-event days was performed. We found that
Fig. 9. Description of central particle formation characteristics as 4 jiation and relative humidity are the most decisive factors
a function of observations of radiation, condensational sink, rela-

tive humidity, and S@ concentration. See respective sections for Wh"e the condensational sink has less impact. While SO

equations(a) Particle formation criterion with quartiles. Note that IS n_ecess_ary for s_ulf_urlc a}CId for_matlon, h'Qh Seoncen-

the upper and lower quartile for events and non-events, respectively/ 2tions did not coincide with particle formation. Instead, the
do not overlap(b) Particle formation ratdg parameterization with ~ role of S& as a pollution indicator outweighed its active role
best fit. R2 = 0.77. as a sulfuric acid precursor. Based on these observations, an

empirical particle formation criterion was developed that pre-
dicted the occurrence of new particle formation with an ac-

Nanjing in the Yangtze River Delta in eastern China. For curacy of 90 %. This criterion is largely determined by radi-
the total particle concentration, the measured mean value adtion and relative humidity, with Sconcentration and con-
2.3x 10 cm3 is on the same order of magnitude as similar densation sink having much less impact, just as the analysis
observations in China, Europe, and the US (see Table 6). Inef the single variables suggested. This criterion significantly
terestingly, a much larger fraction of the total particle num- differs from an earlier one by McMurry et al. (2005), which
ber was due to larger particles when comparing Nanjing towas optimized for conditions in the city of Atlanta. This sug-
other (urban) locations, resulting in high BMloads with  gests that different environments cannot be covered by one
a mean value of 90 ug ™, well above the annual national criterion. Similarly, the formation rate of 6 nm particles,
limit of 35 pg 3 and even above the daily average limit of was parameterized based on observations.Jgoradiation
75 pg m 3. Observations give reason to assume that high acand condensational sink were the most important parame-
cumulation mode concentrations are mainly imported fromters, while the relative humidity could almost be neglected.
pollution sources east of Nanjing, i.e., from the YRD. Ac- We were able to optimize this parameterization until it cor-
cordingly, not a single particle formation event was observedrelated with the observations with &% of 0.77. Combining
when air masses came in from the YRD. the nucleation criterion and the formation rate parameteriza-

New particle formation was observed for 26 days, re-tion, it is possible to predict particle formation based on a
sulting in a nucleation probability of almost 20%. Typi- few simple measurements.
cal growth rates of newly formed particles were between 6 While the data presented here are the most comprehen-
and 7nmh?, which falls well within the range observed sive study on aerosols and nucleation in the Yangtze River
in both Europe and China (e.g., Manninen et al.,, 2010).Delta and while they illustrate the power of integrated at-
The observed formation rate of 6 nm particles had a meamospheric measurements, they also stress the need for more
value of 1.1cm3s™1 and the nucleation events increased observations. One focus of future measurements has to be on
particle number concentration, on average, by more tharsulfuric acid. While sulfuric acid proxies are available, their
17000 cn3, Using the number of particles above a cer- reliability is only limited, especially in the light of our find-
tain size as a CCN proxy, we found that CCN concentrationings regarding the nucleation criterion. However, consider-
roughly doubled during nucleation event days, corresponding these proxies and oug parameterization, one is lead to
ing to 1700—7000 new CCN per émThese numbers show speculate that the sulfuric acid exponent might be well over
that new particle formation has a very significant impact on2. This would mean that neither the kinetic nor the activa-
CCN concentrations in the YRD and likely so in similar en- tion approach could explain all particle formation at the site.
vironments. It is therefore essential to predict particle for- While this is highly speculative with the currently available
mation probability and intensity to estimate CCN concen-data, it nevertheless stresses the need for a closer look at sul-
trations, which play a central role in cloud formation and, furic acid. Besides this, other condensable species have to
ultimately, climate. be considered, since particle formation and growth intensity

We measured the first comprehensive data set on air iowluring events suggest much higher vapor concentrations than
concentrations in China. As has been observed in Europe, whe proxies alone could explain.
found a constantly presention cluster population in the diam-
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With this choice of location, the SORPES-NJU station trajectory analysis of new particle formation bursts, Tellus B, 59,
takes a step away from the urban bias in Chinese aerosol re- 350-361, doit0.1111/j.1600-0889.2007.0026,72007.
search. The station’s air ion measurements allow the direcPing, A. J., Fu, C. B., Yang, X. Q., Sun, J. N., Zheng, L. F., Xie,
observation of nucleation and thus extend the previous ob- Y- N.. Herrmann, E., Nie, W., Petdja, T., Kerminen, V.-M., and
servation range in China and Asia. Besides individual find- ;ylmallja,ltM.. Ozone and f'f”i parotllctle 'rt‘ tt:]‘e ;"Oethgré‘SYi”%tze
: . : . Iver belta. an overview o yr adata a e station,
ings such as, for example, th(_a role of ions in ljucleatlon, these Atmos. Chem. Phys., 13, 5813-5830, 40i5194/acp-13-5813-
early results can be summarized by two major observations. 2013 2013a
First, result.s from Europe and North Amencg cgnnot SiM-ping, A. J., Fu, C. B., Yang, X. Q., Sun, J. N., Pet&ja, T., Ker-
ply be applied globally. The role of sulfuric acid, its contri-
bution to the formation and growth, its expression through
proxies, the role of ions — these are just some of the ma-
jor areas where we found differences. Secondly, much vari-
ation with respect to aerosols and particle formation can be Atmos. Chem. Phys., 13, 10545-10554, t06i5194/acp-13-
found within China: aerosol population characteristics differ 10545-20132013b. _
significantly even between Nanjing and Shanghai, two citiesPing, A. J., Wang, T., and Fu, C. B.: Transport characteris-
merely 300 km apart. To understand and quantify aerosols :'(CS ancé OrE'”éh_Of ca;bog mot?oxudeR and 1‘120”%4';‘5 "éi%%
and their formation in China and Asia (and ultimately glob-  <°nd. South China, J. Geophys. Res., 118, —I498,

. . doi:10.1002/jgrd.507142013c.

ally), much more research is necessary, especially compres,

hensive | - icl : axler, R. R. and Hess, G. D.: An Overview of the HYSPLIT_4
ensive long-term measurements in strategic locations. Modeling System for Trajectories, Dispersion, and Deposition,

Aust. Meteorol. Mag., 47, 295-308, 1998.
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