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Abstract. Atmospheric particle number size distributions

(size range 0.003–10µm) were measured between March

2008 and August 2009 at Shangdianzi (SDZ), a rural re-

search station in the North China Plain. These measurements

were made in an attempt to better characterize the tropo-

spheric background aerosol in Northern China. The mean

particle number concentrations of the total particle, as well

as the nucleation, Aitken, accumulation and coarse mode

were determined to be 1.2 ± 0.9 × 104, 3.6 ± 7.9 × 103,

4.4 ± 3.4 × 103, 3.5 ± 2.8 × 103 and 2 ± 3 cm−3, respec-

tively. A general finding was that the particle number con-

centration was higher during spring compared to the other

seasons. The air mass origin had an important effect on

the particle number concentration and new particle forma-

tion events. Air masses from northwest (i.e. inner Asia) fa-

vored the new particle formation events, while air masses

from southeast showed the highest particle mass concentra-

tion. Significant diurnal variations in particle number were

observed, which could be linked to new particle formation

events, i.e. gas-to-particle conversion. During particle for-

mation events, the number concentration of the nucleation

mode rose up to maximum value of 104 cm−3. New par-

ticle formation events were observed on 36% of the effec-

tive measurement days. The formation rate ranged from 0.7

to 72.7 cm−3 s−1, with a mean value of 8.0 cm−3 s−1. The

value of the nucleation mode growth rate was in the range of

0.3–14.5 nm h−1, with a mean value of 4.3 nm h−1. It was an
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essential observation that on many occasions the nucleation

mode was able to grow into the size of cloud condensation

nuclei (CCN) within a matter of several hours. Furthermore,

the new particle formation was regularly followed by a mea-

surable increase in particle mass concentration and extinction

coefficient, indicative of a high abundance of condensable

vapors in the atmosphere under study.

1 Introduction

Atmospheric aerosol particles play a key role in global cli-

mate because of combined direct and indirect radiative forc-

ing. They directly affect the radiation balance by scatter-

ing and absorbing incoming short-wave solar radiation and

absorbing long-wave radiation. Indirectly, aerosol particles

have a substantial effect on cloud properties and the initiation

of precipitation as cloud condensation nuclei (CCN) (Rosen-

feld et al., 2008). The scattering and absorption of light by

particles can affect atmospheric visibility (Middleton, 1952).

Evidences from medical studies indicate that air pollution is

a major contributor to cardiovascular and respiratory health

problems (Hong et al., 2002). Hospital admissions and emer-

gency room visits for cardiovascular and respiratory diseases

are increasing with the elevated ambient particle concentra-

tions (Dominici et al., 2006). There has been evidence of

growing knowledge regarding pathophysiological pathways

that link PM exposure with cardiopulmonary morbidity and

mortality (Pope III and Dockery, 2006). The number size

distribution is an important characteristic, which can help to

understand the behavior and effects of the aerosol particles

Published by Copernicus Publications on behalf of the European Geosciences Union.

http://creativecommons.org/licenses/by/3.0/


1566 X. J. Shen et al.: Long-term study of particle number size distributions

(Birmili et al., 2001). Particle number size distributions can

be measured down to sizes as small as 3 nm in diameter with

high time resolution due to recent developments in instru-

mentation (Kulmala et al., 2004), but the latest developments

have extended detection limits to sizes below 2 nm (Kulmala

et al., 2007; Iida et al., 2009; Sipilä et al., 2009).

Ground-based in situ measurements of aerosol properties

such as size distribution, chemical composition, scattering

and absorption coefficient have been performed at a number

of sites, either at long-term monitoring sites, or as part of in-

tensive field campaigns (Solomon et al., 2007). A wide body

of in situ observations of tropospheric aerosols have been

made in urban and rural areas in Europe and North Amer-

ica, e.g. Birmingham (Harrison et al., 1999), Atlanta (Woo

et al., 2001), Helsinki (Hussein et al., 2004), Leipzig (Bir-

mili et al., 2001; Wehner and Wiedensohler, 2003), and Pitts-

burgh (Stanier et al., 2004). The studies are also done at some

background sites, such as Mt. Waliguan, China (Kivenäs et

al., 2009) and Aspvreten, Sweden (Dal Maso et al., 2007).

During the recent years, efforts have been made to character-

ize particle number size distributions in developing countries

as well, because their air pollution problems are of signifi-

cant local and even regional concern, such as in New Delhi

(Laakso et al., 2006) and Beijing (Wu et al., 2008).

The formation of new particles in the atmosphere and its

effects on the budget of the number concentration of submi-

cron particles are a vital issue in atmospheric science (e.g.,

Seinfeld and Pandis, 1998). Particle formation increases the

total number concentration of ambient submicron size par-

ticles and thereby affects climate forcing and human health

(Twomey, 1977). Measurements of particle size distributions

reveal new particle formation (NPF) events and growth are

widespread. It is concluded that the formation rate of 3 nm

particles is often in the range 0.01–10 cm−3 s−1 in the bound-

ary layer. However, in urban areas the formation rates are

often higher than this, up to 100 cm−3 s−1, and the rates as

high as 104–105 cm−3 s−1 are observed in coastal areas and

industrial plumes (Kulmala et al., 2004). Typical particle

growth rates range from 1 to 20 nm h−1 in mid-latitudes de-

pending on the temperature and the availability of condens-

able vapors. The studies show that sulfuric acid plays a dom-

inant role in new particle formation and growth (Boy et al.,

2005; Riipinen et al., 2007), and organic compounds have

also been thought to have the potential role (Zhang et al.,

2004; Barsanti et al., 2009). Condensation and coagulation

are also important for new particle formation events. Low

condensation sink (CS) favors nucleation because in this case

the particles growth from ∼1 nm to 3 nm is possible before

their coagulation with larger particles (Hamed et al., 2007).

Coagulation has an effect on reducing nucleation mode par-

ticle number concentration (Kerminen and Kumala, 2002).

Condensation and coagulation both contribute to the particle

growth after nucleation (Kerminen and Kumala, 2002; Yue

et al., 2010).

In China, particle number size distribution measurements

were carried out in few places only. Short term measure-

ments of particle number size distribution were performed in

Pearl River Delta (Liu et al., 2008; Yue et al., 2009), a subur-

ban site in the Yangtze River Delta (Gao et al., 2009) and ver-

tical ultrafine particles profiles over Northern China coastal

areas (Wang et al., 2008). Long term measurements were

only carried out in Beijing (Wu et al., 2008) and a remote

mountain-top station, Mt. Waliguan (Kivekäs et al., 2009).

There is however no data about long term of particle num-

ber size distribution measurements of the regional polluted

aerosol in China yet. Thus, information on the long-term be-

havior of particle number size distributions is still sparse.

As a part of EUCAARI (European Integrated project on

Aerosol Cloud Climate and Air Quality Interactions), joint

research measurement is conducted at Shangdianzi (SDZ) re-

gional background station by the Leibniz Institute for Tropo-

spheric Research and Chinese Academy of Meteorological

Sciences since 2008 with the purpose of better understand-

ing the chemical and physical characteristics of atmospheric

aerosols over the North China Plain. This paper focuses

on the particle size distribution measurements at SDZ from

March 2008 to August 2009, and summarizes the character-

istics of particle number concentration, size distribution and

new particle formation events at SDZ.

2 Experimental

2.1 Measurements site

Shangdianzi regional background station (SDZ, 40◦ 39′ N,

117◦ 07′ E, 239.9 m a.s.l.) is one of the regional Global At-

mosphere Watch (GAW) stations in China and also one of

National Atmospheric Composition Background observation

and Research station system of China. It is located in the

northern part of North China Plain, about 55 km and 150 km

northeast of the urban areas of Miyun and Beijing, respec-

tively. Surrounding the site, there are rolling hills with farm-

land, orchards and forest. The foot of the hills, that is about

2 km south of the station, is Shangdianzi village with about

1200 inhabitants and a small factory for screw casting. The

major local economical activities within Miyun County are

farming and fruit growing (Yan et al., 2008). Yanshan Moun-

tains lies on the north of the station, and the Miyun Reser-

voir lies in the south-west with less than 8 km to the sta-

tion. The Beijing-Chengde highway and Beijing-Tongliao

(Chifeng) railway run on the east and west side of the sta-

tion, with distances of 10 and 2 km, respectively (Tang et al.,

2007). The town closest to the station is Gubeikou, which

is in northeast of SDZ and 5 km away, with about 10 000 in-

habitants. Although there are some local anthropogenic pol-

lution sources surrounding the SDZ site, the amount is quite

less compared to the emission from big cities. The obser-

vations at SDZ are representative for the North China plain,
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especially the Beijing-Tianjin-Hebei (Jing-Jin-Ji) Metropoli-

tan region, if the air mass originate from south. Figure 1

shows the location of SDZ and some cities around, like Bei-

jing, Tianjin, Tangshan, Shijiazhuang. The northern regions

of SDZ are much less inhabited and the industrial activities

are less prevalent. The station is located on the south hill side

of a valley with a northeast-southwest orientation. The south-

west mouth of the valley is open to Beijing and the south

plain. Due to the valley topography, the prevailing winds are

northeasterly and southwesterly.

On average, the winds have strong diurnal variation with

southwest in the afternoon and northeast from midnight to

the next morning. The wind direction distribution at SDZ is

rather typical of the larger-scale situation in the North China

plain (Lin et al., 2008). According to this study, the high-

est temperature at SDZ appeared in summer (June-August)

and the monthly mean value was about 25 ◦C. The lowest

temperature appeared in winter (December–February) and

the monthly mean value was −5 ◦C. The relative humidity

was highest in summer while it was lowest in spring (March-

May) and winter. The highest and lowest monthly mean

values were 80% and 40%, respectively. The precipitation

mainly occurred from June to September. The mean monthly

precipitation from June to September was 110 mm, 75 mm,

225 mm and 125 mm during this measurement, respectively.

2.2 Instrumentation

Particle number size distributions from 3 nm (mobility diam-

eter) to 10 µm (aerodynamic diameter) were measured with

a time resolution of 10 min for about 1.5 years at the rural

site, SDZ from March 2008 to August 2009. A twin dif-

ferential mobility particle sizer (TDMPS) system consisting

of two differential mobility analyzers (DMA) and two con-

densation particle counters (CPCs, model 3010 and model

3025, TSI Inc., St Paul, USA) was used to measure particle

size distributions from 3 to 850 nm mobility diameter (Bir-

mili et al., 1999). Simultaneously, an aerodynamic particle

sizer (APS, model 3321, TSI Inc., St Paul, USA) measured

number size distributions of particles with aerodynamic di-

ameter from 500 nm to 10 µm. The resulting distributions of

APS system were converted from aerodynamic to mobility

diameters supposing the aerosol particle was spherical with a

density of 1.7 g cm−3, same as that used in Beijing study (Wu

et al., 2008), as there was no chemical composition measure-

ment data available at SDZ. When the aerodynamic diameter

was converted to mobility diameter, the total size distribu-

tions actually covered the size range from 3 nm to 7.7 µm

in mobility diameter. A low flow PM10 inlet (aerodynamic

diameter) with dryer was used to supply sample for both

systems. The relative humidity within the systems was kept

below 30% by adding an automatic regenerating adsorption

aerosol dryer in the inlet line (Tuch et al., 2009). It ensured

the comparability between different aerosol measurements.

An inversion routine to retrieve diameter size distributions

from measured mobility had taken into account the bipo-

lar charge distribution, and empirically determined transfer

functions of the DMAs. Size-dependent diffusional losses

for the inlet pipe were also corrected by using the empirical

functions given by Willeke and Baron (1993). In addition,

the individual CPC and UCPC counting efficiencies were

considered for data correction. All data were subsequently

reported at standard pressure and temperature (1013 hPa and

273 K) to provide comparability with other measurements.

The number concentration at standard pressure and temper-

ature was 10% higher than that at ambient conditions. The

time used in this study is Beijing local time (UTC + 8 h).

In addition, basic meteorological parameters, such as

air temperature, relative humidity, wind speed and wind

direction were recorded at the station and used in this

investigation.

3 Results and discussion

A continuous 1.5 years dataset was evaluated in this in-

vestigation. Except the CPC laser broken and instrument

re-location, 86% of the data was effective. The continu-

ous dataset of particle number size distributions was inte-

grated to calculate particle number concentrations in differ-

ent size classes. In this study, diameter ranges for the nucle-

ation mode, Aitken mode, accumulation mode, and coarse

mode were chosen as 3–25 nm, 25–100 nm, 100–1000 nm,

and >1 µm, respectively (Dal Maso et al., 2005). The to-

tal particle number concentration indicated particle number

concentration from 3 nm in mobility diameter to 10 µm in

aerodynamic diameter. The particle volume and surface area

concentrations were calculated from the measured number

size distributions assuming spherical particles.

3.1 Overview of the particle number concentration

Nucleation mode particles are from atmospheric nucleation

event which is related with the low volatile condensable

gases such as sulfuric acid and growth of nanometer-scale

atmospheric aerosol particles (Kulmala, 2003). Aitken mode

particles are directly emitted from combustion processes,

such as car traffic, and also result from condensational

growth and coagulation of nucleation mode particles. In

urban areas, the traffic emissions are predominant source

(Wu et al., 2008), and in rural areas nucleation particles

growth is more important (Stanier et al., 2004). Accumu-

lation mode particles originate from coagulation and con-

densational growth of Aitken mode particles and long-range

transport of air masses from polluted areas.

Statistical parameters for nucleation mode (Nnuc), Aitken

mode (Nait), accumulation mode (Nacc), coarse mode

(Ncoa) particles and the total particle number (Ntot), sur-

face area (Stot), and volume concentrations (Vtot) over

the entire measurement period were calculated. The
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Fig. 1. Location of the SDZ station (blue star) and the main cities in Northern China (red dots) in the lower left panel. The upper right

panel shows the topography and land use in the surrounding area (covered by green box), the white cross indicating SDZ station and red

dots indicating Miyun county and Beijing, respectively. Green, blue and purple indicate mountains regions, river and residential areas,

respectively. NLT landsat7 pseudo color map is from http://worldwind.arc.nasa.gov. Vertical exaggeration is by a factor of 3.

mean values for Nnuc, Nait, Nacc, Ncoa and Ntot were

3.6 ± 7.9 × 103, 4.4 ± 3.4 × 103, 3.5 ± 2.8 × 103, 2 ± 3 and

1.2 ± 0.9 × 104 cm−3, respectively (“±” indicates standard

deviation in this study). Aitken mode particles were slight

higher than the other modes. The total particle surface

area and volume concentrations were 690 µm2 cm−3and

50 µm3cm−3, respectively. During dust storm events, the

number of coarse mode particles increased significantly. The

maximum number concentration of the coarse mode parti-

cles was observed during a typical dust storm event occurred

on 18 March 2008, with the value of 199 cm−3. The maxi-

mum of the particle volume concentration was observed on

the same day with the value of 1560 µm3 cm−3.

Table 1 is the overview of particle number concentra-

tions measured in different urban, rural, and remote envi-

ronments in China. The mean total number concentration at

SDZ is much lower than that in Beijing, 32 800 cm−3 (Wu et

al., 2008), Shanghai suburban site, 30187 cm−3 (Gao et al.,

2009), also lower than that in Jinan city, 10 685–17 387 cm−3

(Gao et al., 2007) and some rural sites like Yufa, 17000 cm−3

(Yue et al., 2009) and Xinken, 16 300 cm−3 (Liu et al., 2008),

but much higher than that at a remote background station, Mt.

Waliguan, a global GAW sites in China, 2030 cm−3 (Kivekäs

et al., 2009). The reason for this somewhat lower total num-

ber concentration compared to Yufa (also a regional site in

the North China plain) was twofold. First, the data at Yufa

covered only a time period of 4 weeks in summer 2006, and

second, SDZ was on the border to the mountains in the North

with very frequent influence with very clean air. The result

of a back trajectory cluster analysis was shown below.

Figure 2 shows the monthly variation of particle num-

ber concentrations of nucleation mode (Nnuc), Aitken mode

(Nait), accumulation mode (Nacc) and total particles (Ntot),

respectively. There were two major data gaps because

CPC laser was broken in June 2008 and instruments were

re-located in March 2009, where instruments were moved

to a lower part of the station, about 750 m away because

of construction work. After re-location, there were some

spikes in the particle number size distribution during cook-

ing time, and these spikes were eliminated in data evalu-

ation. The number concentration of nucleation mode par-

ticles (Fig. 2a) showed a clear monthly variation with the

minimum mean value about 1000 cm−3 in July and August

2008 while the maximum mean value was 10 000 cm−3 in

March 2008. This could be explained by that new particle

formation events (NPF) occurred most frequently in spring

and least in summer. Due to the newly formed particles

growth, the mean number concentration of Aitken mode

particles was higher in spring months and lower in sum-

mer months (Fig. 2b). The variation of accumulation mode

Atmos. Chem. Phys., 11, 1565–1580, 2011 www.atmos-chem-phys.net/11/1565/2011/
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Fig. 2. Monthly variation of number concentration for nucleation mode (a), Aitken mode (b), accumulation mode particles (c) and total

particles (d) at SDZ. The box plots are read as follows: the upper and lower boundaries of the box indicate the 75-th and the 25-th percentiles,

the line within the box marks the median, and the whiskers above and below the box indicate the 90-th and 10-th percentiles. The stars

represent the mean values. There was no data available for June 2008 and March 2009.

Table 1. Overview of experimentally determined particle number concentrations in the troposphere over China.

Number concentration (cm−3) Reference

Diameter range (nm) 3–20 20–100 100–1000 3–10 000 Wu et al. (2008)

Beijing, urban, 2 years 9000 15 900 7800 32 800

Diameter range (nm) 10–100 100–500 10–500 Gao et al. (2007)

Jinan, urban

summer, 12 days 10 300 385 10685

winter, 18 days 15 591 1796 17387

Diameter range (nm) 10–100 100–500 10–500 Gao et al. (2009)

Shanghai, suburban, 28 511 1676 30 187

2 months

Diameter range (nm) 3–20 20–100 100–1000 3–10 000 Yue et al. (2008)

Yufa, rural, 1 month 2000 9000 5000 17 000

Diameter range (nm) 3–10 000 Liu et al. (2008)

Xinken, rural/coastal,1 month 16 300

Diameter range (nm) 12–21 21–95 95–570 12–570 Kivekäs et al. (2009)

Waliguan, remote rural, 570 1060 430 2030

22 months

Diameter range (nm) 3–25 25–100 100–1000 3–10 000 This work

Shangdianzi, rural, 1.5 years 3610 4430 3470 11 510

particle number concentration (Fig. 2c) had the same trend

with that of Aitken mode except in fall 2008 and June 2009,

which was due to the Aitken mode particles grew to the

size of accumulation mode by condensation mainly during

air mass long-range transportation. The total particle num-

ber concentration seemed to be higher in spring months and

lower in summer months (Fig. 2d), and the monthly mean

concentration varied from about 6000 cm−3 to 20 000 cm−3.
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Fig. 3. Mean diurnal variations of the particle number size distributions (left) and number concentrations in different modes (right) in spring

(a), (e), summer (b), (f), fall (c), (g) and winter (d), (h).

3.2 Diurnal variations of particle number

size distribution

The diurnal pattern of aerosol number concentration of

each mode was investigated separately for different sea-

sons, i.e. spring (March–May), summer (June–August), fall

(September–November), and winter (December–February).

The seasonal-average particle number concentration of each

mode was calculated using the 10 min resolution data for

each season. Figure 3 shows that the diurnal behaviors of

particle size distribution (a–d) and particle number concen-

trations of different modes (e–h) vary with seasons. As seen

in Fig. 3a, the particle size distribution in spring showed the

nucleation mode particles, with the minimum diameter of

about 3 nm appeared around 08:00 when NPF events started.

The freshly nucleated particles grew to larger sizes due to

condensation and coagulation of the existing particles within

several hours, which contributed to the increase of Aitken

mode and accumulation mode particles. Nucleation mode

particles almost disappeared until 16:00. The evolution of

particle size distribution in spring showed clear particle for-

mation and growth due to the frequent NPF events. Low CS

and the meteorological factors like low temperature, low rel-

ative humidity and high solar radiation favor the NPF events

(Boy et al., 2002). In summertime (Fig. 3b), the nucleation

mode particles appeared around 08:00 at about 10 nm, with

the possible explanation that the newly formed particles had

grown to larger size when detected. Then the particles grew

to larger sizes gradually until the end of the day. In fall

(Fig. 3c) and winter (Fig. 3d), the nucleation mode particles

showed around 09:00, a little bit later than that in spring and

summer. This could be possibly explained by the difference

of sunrise time in different seasons. The sun rose around

07:20 in winter, 06:30 in fall, 05:40 in spring, and 05:00

in summer. The nucleation mode particles started to show

at about 5 nm in fall and winter, a little bit different from

spring, 3 nm and summer, 10 nm, which was probably due to

the meteorological factors which affected the NPF events as

mentioned above. And also probably because the particles

initially formed at different locations and then they grew to

different larger sizes when detected.

The diurnal variation of the total particle number con-

centration and nucleation mode showed the same trend for

all seasons (Fig. 3e–h), which indicated the variation of the

number concentration of nucleation mode particle took a

dominant role in the variation of total particle number con-

centration at SDZ. The nucleation mode particle concentra-

tion reached peaks at different times due to the duration of

NPF events. The highest number concentration of nucle-

ation mode appeared in spring due to the most frequently

NPF events and the lowest in summer because of high tem-

perature and high relative humidity, together with the stag-

nant and polluted air masses which could cause the high CS,

thus inhibited the NPF events (Wu et al., 2007). At SDZ, the

mean ambient temperature and relative humidity was 24 ◦C

and 78%, respectively, and the mean CS was 0.04 s−1 in sum-

mer which was two times as the mean CS during NPF events

Atmos. Chem. Phys., 11, 1565–1580, 2011 www.atmos-chem-phys.net/11/1565/2011/
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(0.02 s−1). The lowest concentrations of Aitken mode parti-

cle occurred between 10:00 and 12:00 because of the clean

air mass from aloft mixing downward as the development of

boundary layer, then increased due to growth of nucleation

mode particles or long-range transportation, and remained

stable all night until next morning when the mixing boundary

layer changed. The lowest accumulation mode particle con-

centration was observed in the afternoon, which was mainly

caused by the higher mixing layer. The diurnal variations

of Aitken mode and accumulation mode particle concentra-

tion at SDZ were different from those in the urban area of

Beijing where the Aitken and accumulation mode had two

or three peaks (around 08:00 and 20:00), mainly due to the

traffic emissions (Wu et al., 2008).

For gaining insight into the seasonal variations of particle

number size distribution, the seasonal median size distribu-

tions were taken and then fitted (Table 2). A least squares fit-

ting algorithm was used to parameterize the particle number

size distributions by a multiple lognormal function (Birmili

et al., 2001). Three modes (i = 1,2,3) were used correspond-

ing to the nucleation mode, Aitken mode, and accumulation

mode, respectively. The log-normal distribution is expressed

as (Seinfeld and Pandis, 1998):

dN

d logDp

=
n∑

i=1

Ni√
2π logσi

exp (−
(logDp − logDp ,i)

2

2(logσi)2)
(1)

where Ni is the total number concentration of the mode i,

Dp ,i is the median diameter of mode i, σi is the geomet-

ric mean standard deviation of the distribution and n is the

number of the modes. In this study, log means always log10.

As shown in Table 2, fitted number concentrations of three

modes, N1, N2, and N3 were all higher in spring than those

in the other seasons as a result of frequent NPF events with

high formation rates (discussed in the following paragraph).

The geometric mean diameter in summer was higher than

those in other seasons. In summer, high condensable va-

por concentration favored condensational growth of parti-

cles. Fall was a harvest time, so agricultural biomass burning

might contribute to the accumulation mode particles. Li et

al. (2007) showed that geometric mean diameters of parti-

cles emitted by all kinds of biofuels combustion were in the

range from 110 nm to 200 nm. In addition, the larger geomet-

ric mean diameters of accumulation mode particles in sum-

mer and fall should be associated with pollution episodes,

which were characterized by high number concentrations in

the accumulation mode particles (Wu et al., 2008). The pa-

rameterized geometric mean diameters of nucleation mode

(16–20 nm) and the number concentrations of Aitken mode

(10 100–12 400 cm−3) were higher in urban Beijing (Wu et

al., 2008) than those in this study, which could be explained

to a larger extent by the vehicular traffic activities in the ur-

ban area. The geometric mean diameter of the accumulation

mode in Beijing (117–148 nm) was much lower than that at

SDZ (173–199 nm), which indicated the particles condensa-

tional growth during the air mass long-range transportation

from the urban to the rural site.

3.3 Back trajectories analysis

Transport of air constituents from source regions to recep-

tor locations can be qualitatively described by numerical

back trajectories. To investigate the impact of meteorolog-

ical transport on the particle number concentrations at SDZ,

72 h backward trajectories were calculated using the HYS-

PLIT 4 model (Hybrid Single-Particle Lagrangian Integrated

Trajectory) (Draxler and Rolph, 2003). A simple grouping

of various trajectory pathways can provide a more realistic

representation of plume dispersion to categorize the source

region (Verma et al., 2007). For SDZ, 3-D back trajecto-

ries were calculated four times for each day, 00:00, 06:00,

12:00 and 18:00 UTC, terminating in a height of 100 m a.g.l.

2192 trajectories were calculated and used to do the air mass

cluster analysis. In this work, we applied a k-means cluster

algorithm similar to that described in Engler et al. (2007). As

a distance measure between individual trajectories, longitude

and latitude (in degrees) as well as the height of the trajectory

above the ground were considered for each hourly trajectory

point. To reduce the overemphasis of trajectory points far

away, the distance measure was weighted by a function that

decreased linearly from the receptor point to the end of the

72 h-trajectory. To compare horizontal (degree) and vertical

(meter) distances, several cluster algorithm runs were con-

ducted using different weights for the vertical distance. Here,

we present results for the weighing factor (the weighing fac-

tor for latitude, longitude and vertical distance is 1, 1 and

0.00001, respectively) that separated the clusters in terms of

mean particle number size distributions best.

Figure 4 shows the mean back trajectories for three clus-

ters. The three clusters represented 99% of the total back

trajectories, i.e., cluster 1, 2, 3 accounted for 38%, 24%

and 37%, respectively. As can be seen in Fig. 4, clusters

mainly originated from two directions, northwesterly (clus-

ter 1, 2) and southeasterly (cluster 3). The mean back tra-

jectories showed significant differences in direction but also

in length, and therefore represented the main classes of at-

mospheric flow conditions over north-eastern China. Clus-

ter 1 from Mongolia passed over Inner Mongolia and Hebei

province, cluster 2 from Russia passed over Mongolia, Inner

Mongolia and Hebei province, while cluster 3 from Bohai

passed over the North China Plain region. Cluster 1 and 2

were from high altitudes (above 1000 m) while cluster 3 was

from lower altitudes (below 500 m). Air masses originating

from northwest were usually connected with the advection of

dry and clean continental air into SDZ. Air mass from south-

east moved slowly and spent much more time over the indus-

trialized regions favoring accumulation of aerosol particles

and condensational growth by vapors. The air mass had a

noticeable seasonal variation: the three kinds of clusters ap-

peared at nearly the same frequency (about 32%) in spring,
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Table 2. Parameterization of Particle Number Size distribution for four seasons. The Dp,i , σi and Ni represent the geometric mean

diameter, geometric standard deviation and mean number concentration. Here i = 1, 2, 3 corresponds to nucleation mode, Aitken mode and

accumulation mode, respectively.

N1 σ1 Dp,1 N2 σ2 Dp,2 N3 σ3 Dp,3

Spring 19 100 2.33 12 9530 2.19 52 6630 1.66 181

Summer 3120 1.61 14 7420 2.05 61 4060 1.68 199

Fall 12 570 1.75 12 7660 2.13 58 3960 1.63 188

Winter 12 710 1.65 12 6550 2.07 52 5610 1.68 173
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Fig. 4. Mean back trajectories for 3 trajectory clusters arriving at

SDZ from different height, dots indicating the main cities of North

China Plain.

dominated (with the frequency 70%) in summer and cluster 2

dominated in fall (with the frequency 71%) and winter (with

the frequency 87%).

Figure 5 shows the mean diurnal variation of particle num-

ber size distributions, averaged over all days (4 back trajecto-

ries a day) belonging to the same cluster as mentioned above,

i.e., 45 days for cluster 1, 40 days for cluster 2 and 95 days for

cluster 3. Significant differences were recognizable: cluster

3 showed the highest number concentrations around a par-

ticle size of 100–200 nm. The geometric mean diameter in

cluster 3 was relatively stable during the whole day which

was consistent with a previous study in Beijing city. Wehner

et al. (2008) applied trajectories clustering to analyze 3-year

trajectories and their relation to particle number size distribu-

tions in Beijing city. They found that the air parcels, whose

pathway was similar to cluster 3 of this study, had the high-

est concentration of PM1 resulting from the uptake of anthro-

pogenic pollution in the south of Beijing. In contrast, clusters

with fast moving air masses from the northwest (clusters 1,

2) showed a clear nucleation process in the late morning. An

explanation for this was efficient vertical dilution of this kind

of air mass and therefore a relatively low pre-existing particle

surface area (Wehner et al., 2008).

The diurnal variation of the total particle number and mass

concentration (PM10) on NPF event day and no-event day for

different clusters were shown in Fig. 6. It can be seen that

all clusters showed a peak of number concentrations on NPF

event day, while the number concentrations were relatively

stable, with the value about 10 000 cm−3 on no-event days

(Fig. 6a). The mass concentrations of cluster 3 was much

higher than those of others (Fig. 6b), indicating the signif-

icant contribution of regional pollution (south of the mea-

surement site) to the mass concentration. NPF event days

accounted for 60%, 50% and 8% of the days when air mass

was classified to cluster 1, cluster 2 and cluster 3, respec-

tively. The analysis above revealed that air masses from

northwest favored the NPF events while air masses from

southeast were associated with pollution episodes which in-

hibited NPF events. All above showed air mass had an im-

portant effect on NPF events.

3.4 New particle formation events

The analysis of NPF events in this study consists of the iden-

tification of NPF bursts, obtaining characteristics like growth

and formation rates of new particles and the CS. The identifi-

cation of NPF events was based on the principles and meth-

ods presented in Dal Maso et al. (2005). A distinct new mode

of particles (3–25 nm) had to appear in the size distribution

in the nucleation mode and prevail for at least an hour. In

addition, the new mode was required to increase in diam-

eter during its detection. The formation and growth rates

and other characteristics of the NPF events were also cal-

culated following the treatment in Dal Maso et al. (2005).

The size distributions were parameterized by a least-square

log-normal fitting method yielding parameters of 2–3 log-

normal modes. So, the time series of geometric mean di-

ameter (Dp,g) of nucleation mode could be obtained, thus,

the growth rate (GR = dDp,g/dt, given in nm/h) was calcu-

lated. The observed change in new particle concentration
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Fig. 5. Mean diurnal evolution of the particle number size distributions, averaged over the three trajectory clusters. Black dots indicate the

geometric mean diameter of the dominating mode.
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Fig. 6. Diurnal variation of total number concentration (a) and PM10 mass concentration (b) of NPF Event and no-event (N-Event) averaged

over all days belonging to the same cluster.

(dNnuc/dt) was defined as the temporal change of 3–25 nm

particle concentration (Nnuc) between the start of particle

appearance and the peak in Nnuc, according to Dal Maso

et al. (2007). The observed formation rate of new particles

(Jobs) was calculated according to Eq. (2):

Jobs =
dNnuc

dt

+Fcoag (2)

where Nnuc is the nucleated particle concentration, Fcoag is

the loss of particles due to coagulation. Fcoag can be calcu-

lated using Eq. (3):

Fcoag = CoagSnucNnuc (3)

where Coag Snuc is the coagulation sink of particles in the nu-

cleation mode. The reference size for Coag Snuc is assumed

to be the geometric mean diameter of the fitted nucleation
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mode. A mean value of Fcoag over the observed formation

period was taken.

Coag Snuc is defined as

CoagS(Dp) =
∫

K(D′
p,Dp)n(D′

p)dD′
p (4)

while K(D′
p,Dp) is the coagulation coefficient (kernel) of

particles with sizes Dp and D′
p, calculated by using the for-

mula of Fuchs (1964).

CS describes the ability of the size distribution to remove

condensable vapors from the atmosphere. In practice, the

vapor is assumed to have a very low vapor pressure at the

surface of the particle, and molecular properties similar to

sulfuric acid (Dal Maso et al., 2005). The parameter CS is

defined as

CS = 2πD
∑

βm (Dp,i)Dp,iNi (5)

where Dp,i is the diameter of a particle in size class i and

Ni is the particle concentration in the respective size class.

D is the diffusion coefficient of the condensing vapor. We

used the transition regime correction factor βm from Fuchs

and Sutugin (1970).

During the measurement period, 181 NPF events were ob-

served, corresponding to 36% of the effective measurement

days. Figure 7 shows the annual variation of NPF event

occurrence, indicating that NPF events occurred more fre-

quently in spring and winter and less frequently in summer.

This variation was quite similar with the frequency of NPF

events in Beijing between March 2004 and February 2005

(Wu et al., 2007).

The range of formation rate (Jobs) varied from 0.7 to

72.7 cm−3 s−1, with the mean value 8 cm−3 s−1, which was

lower than the results observed at some urban sites, such as in

Beijing, 3.3–81.4 cm−3 s−1 (Wu et al., 2007), St. Louis, with

the mean value, 17 cm−3 s−1 (Qian et al., 2007), but much

higher than that at some rural sites, such as Hyytiälä, Fin-

land, 0.7 cm−3 s−1, Melpitz, Germany, 4.6 cm−3 s−1 and San

Pietro Capofiume, Italy, 3.6 cm−3 s−1(Jaatinen et al., 2009).

However, the formation rate at SDZ was comparable with

the results observed in boundary layer regional nucleation

events 0.01–10 cm−3 s−1 at most other sites (Kulmala et al.,

2004). The contribution of the coagulation loss flux Fcoag

was on average 40% of the total observed rate, which was

quite close to the average ratio of coagulation loss to forma-

tion rate observed in Beijing, 0.41 (Yue et al., 2010), meaning

coagulation loss was the same important as the net rate of in-

crease of nucleation mode particles (dNnuc/dt). The growth

rate (GR) ranged from 0.3 to 14.5 nm h−1, with the mean

value 4.3 nm h−1, close to the growth rate in Beijing 0.3-

11.2 nm h−1 (Wu et al., 2007) and also in the range of typical

particle growth rates 1–20 nm h−1 in mid-latitudes (Kulmala

et al., 2004), but higher than that at Hyytiälä, 2.9 nm h−1

(Jaatinen et al., 2009), and lower than that at some sites, such

as Melpitz, 6.2 nm h−1, San Pietro Capofiume, 6.1 nm h−1
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Fig. 7. Frequency of NPF event days in each month.

(Jaatinen et al., 2009) and St. Louis, 5.9 nm h−1 (Qian et al.,

2007).

The annual variations of formation and growth rates were

shown in Fig. 8, indicating that the formation rate was higher

in spring while the growth rate was higher in summer. An

explanation for this observation was the low CS and meteo-

rological condition, e.g. solar radiance, low temperature and

humidity favoring the new particle formation in spring. In

summertime the enhancement of photochemical and biologi-

cal activities together with the stagnant air masses preventing

exchange with cleaner air contributed to the particle growth

caused by condensation of low volatile vapors which resulted

in higher CS than other seasons and prevented NPF to be ob-

served. During NPF events CS was usually low, with mean

value of 0.02 s−1.

3.5 The effects of new particle formation events:

case study

In the following, we focused on 13 March 2008, which

was a typical new particle formation event. New particles

were formed by nucleation in the morning followed by a

clear growth to accumulation mode indicated by the “banana-

shaped” temporal development of the number size distribu-

tion (Fig. 9a). For this event, the Jobs was 14.9 cm−3 s−1

and GR was 3.8 nm h−1. In Fig. 9b, the number concen-

trations of nucleation mode (Nnuc), Aitken mode (Nait),

and 80–850 nm (N80−850nm) particles were calculated, re-

spectively. Nucleation started at about 08:00 and Nnuc in-

creased sharply to about 70 000 cm−3. Then the newly

formed particles grew to larger sizes, so Nait and N80−850nm

increased with a few hours time lag. The wind direction

was mainly from northeast and west which corresponded to

the clean air mass. Nucleated particles, when grew up to

50–100 nm, can principally act as cloud condensation nu-

clei (CCN) (Kerminen et al., 2005). Thus, the number con-

centration of particles in the range of 80–850 nm was cal-
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Fig. 8. The variation of formation rate (a) and growth rate (b) during measurement.
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Fig. 9. The number size distribution at SDZ on 13 March 2008 and mode diameter (dots) (a), evolution of the Nnuc, Nait and N80−850nm

respectively (b), evolution of σext,550nm, extinction coefficient at 550 nm and PM1 mass concentration calculated from TDMPS data (c) and

the normalized N80−850nm, PM1 mass concentration and σext,550nm by the concentration of CO.

culated as the number concentration of potential CCN. The

newly formed particles grew into the CCN size range af-

ter 20:00. The mean N80−850nm increase rate was about

0.78 cm−3 s−1 during the time period from 20:00 to 24:00,

indicating that new particle formation events contributed sig-

nificantly to the number concentration of CCN. The result of

CAREBeijing-2006 also revealed that the nucleation mode

grew very quickly into the size range of CCN, and the CCN

size distribution was dominated by the growing nucleation

mode (Wiedensohler et al., 2009).

Furthermore, new particles can grow to larger sizes, which

also affect the optical properties of the atmospheric parti-

cles (Allan et al., 2006). In this study, the dry aerosol ex-

tinction coefficients were reconstructed based on the mea-

sured distributions and different mixing states (external and

internal) of elemental carbon (EC) and non-light-absorbing

species (Cheng et al., 2006) utilizing a Mie code (Bohren et

al., 1998), to derive the bounding values for the real mixing

state. The mass concentration of EC was assumed to be con-

stant at 2.12 µg m−3 which was the mean daily-average con-

centration during nearly two years measurement at SDZ (Yan

et al., 2008). The density of BC was taken as 1.5 g cm−3.
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Fig. 10. The evolutions of the particle size distributions (a), (c), (e), (g), PM1 mass concentration derived from number size distributions and

mean diameter of the dominating mode from mode fitting to the average particle size distributions (b), (d), (f), (h) from only new particle

formations events in four season.

The refractive index used for non-light-absorbing component

was 1.55 −10−7i (Sloane, 1984) and the refractive index of

EC was 1.80–0.54i (d’Almeida et al., 1991). The difference

of extinction coefficient in external or internal mixing states

was less than 10%, and the average of these values was sup-

posed as the real extinction coefficient σext,550nm. As shown

in Fig. 9c, σext,550nm increased at the rate of 49 Mm−1 h−1

from 20:30 to the end of day.

The PM1 mass concentration was calculated using mea-

sured number size distribution with assumed density of

1.7 g cm−3. The PM1 mass showed a significant in-

crease from 20:30 to 24:00 with the average growth rate

18 µg m−3 h−1 (see Fig. 9c), which was consistent with the

previous results at Yufa site, a rural site south of Beijing

(Wiedensohler et al., 2009).

In order to exclude possible physical effects such as evo-

lution of boundary layer and advection, the concentration of

CO was used for normalizing the particle number concentra-

tion, mass concentration and extinction coefficient (Su et al.,

2008). As seen in Fig. 9d, the normalized number concen-

tration of particles in the range of 80–850 nm increased by

450% from 20:00 to 24:00, and the normalized PM1 mass

concentration and σext,550nm increased by 160% and 178%

from 20:30 to 24:00, respectively. The analysis above in-

dicated that condensational growth of nucleated particles re-

sulted in an increase in the number concentration of potential

CCN, aerosol mass concentration and extinction coefficient,

through which affected the climate and air quality.

There were about 20% (36 events) of the NPF events

classified as the “typical” events as described above, which

were indicated by nucleation burst and followed by the

particles growing into the accumulation mode continuously

and clearly. The PM1 mass growth rate ranged from 0.6–

19.2 µg m−3 h−1 during mass concentration increasing pe-

riod, with the mean value, 4.9 µg m−3 h−1. And the increase

rate of number concentration of potential CCN was 0.03-

0.85 cm−3 s−1 during the number concentration increasing

period, with the mean value, 0.24 cm−3 s−1. All above

showed the distinct effect of NPF events on the aerosol mass

loading and the potential CCN concentration.

All NPF events were selected to obtain mean diurnal par-

ticle size distributions and mass concentrations for the differ-

ent seasons, as shown in Fig. 10. The particle mean diame-

ter of the dominating mode (Peak diameter) was derived by
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mode fitting of the mean diurnal particle size distributions.

The mean growth rates of the nucleation mode for spring,

summer, fall and winter were 3.0, 4.2, 3.1 and 3.7 nm h−1,

respectively. The highest particle diameter growth rate ap-

peared in summer because of the high condensable vapor

concentration. The plots above showed a nearly linear in-

crease in PM1 mass concentrations and the particle mean

diameter emphasized the mass contribution and the parti-

cle growth as a result of NPF events. During the time pe-

riod from noon to the end of the day, the mean PM1 mass

growth rates for the four seasons were 2.1, 2.3, 4.1 and

5.3 µg m−3 h−1, respectively. The growth rates in fall and

winter were much higher. There is however no clear expla-

nation for this mass growth rate.

4 Conclusions

One and a half years continuous measurements were con-

ducted at a rural site, Shangdianzi (SDZ), from March 2008

to August 2009, with the equipment of TDMPS and APS.

The measurements covered the size range from 3 nm to

10 µm. This was the first long-term investigation of parti-

cle number size distributions at a regional background site

in the North China Plain. It provided new insights into the

evolution of particle number size distribution and new parti-

cle formation events for testing and validating regional and

global climate models.

During the measurement, the number concentration

of nucleation mode, Aitken mode, accumulation mode,

coarse mode and total particles was 3.6 ± 7.9 × 103 cm−3,

4.4 ± 3.4 × 103 cm−3, 3.5 ± 2.8 × 103 cm−3, 2 ± 3 cm−3

and 1.2 ± 0.9 × 104cm−3, respectively. The number concen-

tration at SDZ had a significant seasonal variation. The peak

of the total particle number concentration appeared in spring

due to the frequent new particle formation events and the

minimum in summer. The diurnal variation of particle num-

ber concentration was also influenced by new particle forma-

tion events. The nucleation mode particle bursts caused also

peaks in total particle number concentrations and later also

Aitken mode particles reached their maximum as a result of

newly formed particle condensational growth.

Back trajectory analysis revealed that air masses arriving

at SDZ mainly originated from northwest and southeast. Pol-

luted air masses from urban areas of Beijing, and even some

polluted areas in south of Beijing at North China Plain, could

be easily transported to SDZ along with the southeasterly

origin, while relatively clean air masses were transported to

SDZ mainly from northwest. In summer, the southeasterly

air mass dominated, while in other seasons the northwesterly

air mass dominated. On average, air masses from northwest-

ern clean areas favored the new particle formation events. Air

masses from southeast were usually related to high PM mass

concentration because they were slow-moving and vertically

stable could favor the accumulation of anthropogenic emis-

sions mainly from North China Plain. In this situation, the

condensation sink of pre-existing particles were high, which

could inhibit the new particle formation events. The cluster

analysis in SDZ was quite similar to that in Beijing (Wehner

et al., 2008).

New particle formation events occurred quite frequently

at SDZ, amounting to 36% of all the effective measure-

ment days. The range of formation rate varied from 0.7 to

72.7 cm−3 s−1, and the coagulation loss part contributed to

about 40%. The growth rate ranged from 0.3 to 14.5 nm h−1.

For typical NPF events, the condensational growth of newly

formed particles not only contributed to particle sizes which

had the potential to act as CCN, with the increase rate 0.03–

0.85 cm−3 s−1 and the mean value, 0.24 cm−3 s−1, but also

increased the aerosol mass concentration, with the PM1 mass

growth rate ranging from 0.6 to 19.2 µg m−3 h−1 and the

mean value, 4.9 µg m−3 h−1. The NPF events also had dis-

tinct effect on extinction coefficient, but this effect was not

evaluated in quantity in this study.
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Sipilä, M., Lehtipalo, K., Attoui, M., Neitola, K., Petäjä, T., Aalto,
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