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ABSTRACT
Size-resolved aerosol number and mass concentrations and the mixing ratios of O3 and various trace gases were

continuously measured at an urban station before and during the Beijing Olympic and Paralympic Games (5 June to 22
September, 2008). 23 new particle formation (NPF) events were identified; these usually were associated with changes

in wind direction and/or rising concentrations of gas-phase precursors or after precipitation events. Most of the NPF

events started in the morning and continued to noon as particles in the nucleation mode grew into the Aitken mode.

From noon to midnight, the aerosols grew into the accumulation mode through condensation and coagulation. Ozone
showed a gradual rise starting around 10:00 local time, reached its peak around 15:00 and then declined as the organics
increased. The dominant new particle species were organics (40-75% of PM;) and sulphate; nitrate and ammonium

were more minor contributors.

1. Introduction

A better understanding of how secondary aerosol (SA) particles
form is critical for developing more targeted pollution control
measures and for more realistically parametrizing the distri-
butions of sulphate, nitrate, ammonium and especially organic
substances in aerosol models and related weather forecasting
tools. New particle formation (NPF) and growth are a major
source for ultra fine particles (UFP) in both clean and polluted
atmospheres. NPF is also important for sustaining the ambient
aerosol populations, not only in forested (Kulmala et al., 1998;
Pirjolaetal., 1998), coastal (O’Dowd et al., 1998; O’Dowd et al.,
2002), rural/remote (Eisele and McMurry, 1997; Weber et al.,
1999; Wiedensohler et al., 2002), arctic (Pirjola et al., 1998)
and urban (Hameri et al., 1996; Wiedensohler et al., 2002; Alam
et al., 2003; Zhang et al., 2004a) areas, but also in mega cities
such as Mexico City (Dunn et al., 2004), Beijing (Wehner et al.,
2004) and New Delhi (Monkkonen et al., 2005). Newly formed
particles can grow into larger particles (>100 nm) in 1-2d
(Kulmala et al., 2004), and they may thus influence regional cli-
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mate due to their effects on cloud formation, solar radiation and
visibility. Given the health effects of fine particles (Oberdorster
et al., 1995), including premature deaths and morbidity
(Donaldson et al., 2002; Li et al., 2003), the abundance of these
particles also is a human health concern (Zhang et al., 2004a).

The evolution of the particle number concentration and size
spectra during nucleation events has been investigated in a
number of field studies, often with techniques involving scan-
ning mobility particle sizers (SMPSs; also known as DMPSs,
differential mobility particle sizers) (Kulmala et al., 2001;
Wiedensohler et al., 2002; Zhang et al., 2004a). In Beijing,
there also have been several investigations into aerosol pollu-
tion and the mechanisms involved in aerosol formation (Wehner
et al., 2004; Massling et al., 2008; Yue et al., 2010). How-
ever, comprehensive investigations into SA formation by simul-
taneously measuring fine particle number/mass-size distribu-
tions and the concentrations of aerosol precursor gases have not
been conducted in Beijing, and this is the focus of the present
study.

Here we present the results of an integrated field study in
which we used a SMPS and an aerosol mass spectrometer
(AMS) to evaluate changes in the particle number/mass-size dis-
tributions during the nucleation, condensation and coagulation
of aerosol particles. Variations in the chemical composition of
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size-resolved aerosol particles and the concentrations of their
precursor gases also were documented. These measurements
were conducted before and during the Beijing Olympic and Par-
alympic Games as part of the ground- and satellite-based moni-
toring campaign for Beijing and surrounding areas (Zhang et al.,
2009). These coordinated studies were conducted to evaluate the
effects of the restrictions on pollution emissions put into place
during the games.

2. Experimental

2.1. Sampling and instrumentation

Selected atmospheric components were measured from 5 June to
22 September 2008 at an urban station in Beijing [the China Me-
teorological Administration (CMA) station, a 9-story building,
35 m above ground, 116°19.395" E; 39° 56.916' N]. Ambient
air was sampled 1.5 m above the roof of the building through a
12.7 mm stainless steel tube (about 6 m long) and 1-m-long sil-
icone conductive tube. Coarse particles were removed using an
inline cyclone with a 2.5 um cutoff (Model URG-2000-30EN,
URG Corporation, Chapel Hill, NC, USA) that operated at a
flow rate of 10 L min~".

A quadruple AMS (Aerodyne Research Inc. Boston, TX,
USA) was deployed at the site and an SMPS (TSI3936, TSI Asia
Pacific Inc., Beijing, China) operated concurrently. Detailed de-
scriptions of the AMS and its operation have been presented
in Jayne et al. (2000) and Jimenez et al. (2003). Despite its
comparatively large minimum-size cutoff (30-35 nm in vacuum
aerodynamic diameter or 20 nm in physical diameter), the AMS
is a useful tool for studying new particle growth events in the
atmosphere because of its rapid response, high sensitivity and
the simultaneous measurements of particle size distribution and
chemical composition (Zhang et al., 2004a).

During the experiment, the AMS alternated between the parti-
cle time-of-flight (pToF) mode and the mass spectra (MS) mode
every 15 s. Under the pToF mode operation, signals of 18 mass-
to-charge ratios (m/z’s) representative of NO3;~ (m/z 30 and 46),
SO,* (m/z 48, 64 and 98), organics (m/z 43, 44, 55, 57, 60, 77,
102 and 202), NH,* (m/z 16,17), H,O (m/z 18), and airbeam
(N, m/z 28, O,, m/z 32) were recorded as a function of particle
size. Mass concentrations and size distributions were reported
as 5-min averages.

The number concentrations of particles 12-550 nm in mobil-
ity diameter (D) were measured every 5 min using an SMPS
system, which consisted of an Electrostatic Classifier controller
platform (TSI Model 3080), a long differential mobility analyzer
(DMA, TSI3081) and a condensation particle counter (CPC, TSI
3010). The SMPS size distribution was constructed from the av-
erage of two scans (2.5 min each), which were taken at 5-min
intervals. The sheath flow of the DMA was 4 L min~!, and the
DMA aerosol flow was set to 0.4 L min~!. The fixed CPC flow

rate was 1 L min—".
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The AMS and SMPS were operated in parallel throughout
the experiment. The particle sizes determined by the AMS
were the vacuum aerodynamic diameters (Dy,). The observed
particle size distributions were classified into three modes ac-
cording to the following convention: ‘Nucleation mode’ (D,
< 25 nm), ‘Aitken mode’ (D,, = 25-100 nm) and ‘Accumula-
tion mode’ (D, = 100-1000 nm). As the scanning size range
of SMPS we used was 12-550 nm, the nucleation mode for
that instrument was operationally defined as ranging from 12 to
25 nm.

Commercial instruments from Thermo Environmental In-
struments, Inc. (Franklin, MA, USA) were used to continu-
ously measure O; (TE 49C), NO/NO,/NOx (TE 42 CTL), CO
(TE 48C) and SO, (TE 43CTL). Daily zero/span checks and
multipoint calibrations were done using a dynamic gas calibra-
tor (TE 146C) in combination with a zero air supply (TE 111)
and a set of standard reference gas mixtures (National Institute
of Metrology, Beijing, China). For ozone, the standards were
traceable to the standard reference photometer maintained by
WMO World Calibration Centre in Switzerland (EMPA). More
details for instrumentation and data process may be found in the
papers by Lin et al. (2008) and Xu et al. (2008). Meteorological
data such as atmospheric temperature, pressure, relative humid-
ity (RH), precipitation, wind directions and wind speeds, also
were collected at the sampling site.

Assuming that the formation and loss of the sulphur acid were
in steady-state, the gas phase sulphuric acid proxy concentration
was computed as follows:

[H,SO4proxy] = [SO,] - SR/CS  (Kulmala et al., 2005), (1)

where SR and CS are the global intensity of solar radiation and
the condensational sink, respectively. CS describes the tendency
for preexisting particles to remove condensable vapors from
the atmosphere, and it was calculated according to the methods
described by Kulmala et al. (2001), Kulmala et al. (2005), Dal
Maso et al. (2002), Dal Maso et al. (2005) and Wu et al. (2007)
as follows:

CS =27D / h Dy (Dy)n(Dy)AD, = 21D Y By DyiNi.
0 i
)

Here D is the diffusion coefficient, n(D,) represents the
particle-size distribution function, and N; is the particle num-
ber concentration in the i-th size fraction. In this study, particles
ranging in size from12 nm to 550 nm were used to calculate
the CS. By, is the transitional correction factor for the mass flux
(Kulmala et al., 1998)

The calibration schedule for the AMS during the study was
as follows: electron multiplier gain (once 2-3 d), ionization ef-
ficiency (once a month) and particle sizing (once a month).
Particle-free air (i.e. air filtered with a HEPA filter) was anal-
ysed using the same m/z’s as during actual sampling to derive
the detection limits (DLs) for the AMS measurements and for
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quality control purposes. The calculated DLs for ammonium,
sulphate, nitrate and organics were 0.018, 0.06, 0.012 and 0.03
g m~3, respectively, for 25-min averages. The DLs in this study
are slightly higher than values previously reported (Sun et al.,
2010); this is because the relatively long operating times used in
this study increased the background noise.

A collection efficiency (CE) term was introduced to correct
for the incomplete detection of aerosols by the AMS (Alfarra,
2004; Lanz et al., 2007); this was needed because a fraction of
irregularly shaped particles may not reach the AMS vaporizer
(Jayne et al., 2000; Tobias et al., 2000) and some bounce back
of non-volatile particles may occur on the surface of vapourizer
(Matthew et al., 2008). The CE is calibrated based on the ratio
of the total AMS mass concentrations to the SMPS mass. For
reasons discussed later, a fixed CE value of 1 was set for periods
with high humidity except for June when it was set to 0.5.
Generally good correlations between the reconstructed AMS
and SMPS mass data were found [the aerosol density used in
these calculations was assumed to be the average composition
of (NH4),SO4, NH4NO;, NH4CI and organics, whose density
is 1.8, 1.72 and 1.3 g cm™3, respectively; see Figs 1a—d). The
slopes of the fitted curves were 0.91, 1.1, 0.89 and 1.0 for June,
July, August and September, respectively, with corresponding
coefficients of determination (r%) equal to 0.77, 0.83, 0.70 and
0.84.

Previous research has shown that the CE can be influenced
by RH(Allan et al., 2004), particle acidity (Quinn et al., 2006),
the particles’ nitrate content (Crosier et al., 2007) and types of
organic species present (Jimenez et al., 2003). In July 2008, a
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series of measures to control air pollution were implemented in
Beijing, and during the Olympic Games and Paralympic Games,
which were in August and September, additional special con-
trol measures were enacted. Those controls evidently resulted in
lower organic aerosol and nitrate concentrations in association
with weather conditions favourable for good air quality (Zhang
et al., 2009). These large changes in aerosol composition, espe-
cially in nitrate and organics, were the reason for using different
CE:s for June compared with subsequent months. Moreover, we
compared the AMS mass concentrations with those obtained
with other instruments (a tapered element oscillating microbal-
ance, Thermo Scientific, NY, USA, and a Grimm 180 laser spec-
troscopy particulate monitor, Grimm Aerosol Technik GmbH &
Co., Ainring, Germany; data not shown), and the agreement in
results indicates that the CE values used for the different months
resulted in valid concentrations.

The concentrations of particle mass, organics, sulphate, ni-
trate and ammonium determined by AMS showed clear positive
relationships with the OC, sulphate, nitrate and ammonium con-
centrations determined for 24-h PM,; 5 filter samples (Fig. 2).
The latter were collected with a Minivol sampler (Airmatrics,
USA) from 09:00 to 09:00 (Chinese Standard Time, CST). OC
was determined using a DRI 2000A carbon analyzer (Desert
Research Institute, Reno, NV, USA) following the IMPROVE
protocol (Chow et al., 1993), and the concentrations of sulphate,
nitrate and ammonium were determined by ion chromatography
using an IC 3000 (Dionix Corp., Sunnyvale, CA, USA). Overall,
the agreement of these comparisions was good, but the organics
did not match well, with 2 = 0.40.

Fig. 1. Correlation plots of AMS-measured

total mass concentrations versus
SMPS-measured mass concentrations. The

lines are linear fits to the data. Plot (a) is for
June 2008; (b) is for July 2008; (c) is for

August 2008; (d) is for September 2008.
Note that in plot (c) the data are shaded on
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Fig. 2. Correlation plots of AMS-measured species versus chemical data PM; s filter samples from 09:00 to 09:00 China Standard Time.

One possible reason for the lack of agreement in OC concen-
trations is that the type of organic aerosol can lead to an over-
estimation of primary organic aerosols and underestimation of
the secondary (He et al., 2005). Along these lines, Jimenez et al.
(2003) suggested that the relative ionization efficiency (RIE)
of organic matter derived from combustion sources is generally
larger than that for aerosols produced via the oxidation of organ-
ics. These differences in RIEs can result in an overestimation
of small organic particles that are mainly from primary emis-
sion and an underestimation of the secondary organic aerosols,
which are mostly in the accumulation mode. Another possible
explanation is that some organic materials are lost from filters
during the 24 h of sampling. The major ions in the filter samples
matched reasonably well with the AMS data: the r* values for
S0,> =0.71, NO;~ = 0.55 and NH,* = 0.61. Similar agree-
ment between data collected with an AMS versus filter samples
was reported for a study in Pittsburgh, PA, in the United States
(He et al., 2005).

To better understand the chemical composition of the OA
and sources for that material, the AMS mass spectra (MS) ma-
trices for OA were analysed by Positive Matrix Factorization
(PMF, Paatero and Tapper, 1994) as described by (Ulbrich et al.,
2009). The mass concentrations and MS of three distinct com-
ponents, including one hydrocarbon-like OA fraction (HOA)
and two oxygenated OA fractions (OOA I and OOA 1I), were
determined (Fig. 3). Components classified as HOA have been
frequently observed in urban atmospheres (Zhang et al., 2005a,
b; Lanz et al., 2007; Zhang et al., 2007; Ulbrich et al., 2009),
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and similarities in mass spectral pattern of this OA fraction and
those of diesel vehicle exhaust and lubricating oil aerosols have
been noted (Canagaratna et al., 2004). The MS of both OOA
components showed features characteristic of oxidized organic
material, that is, a major peak at m/z 44 (CO,™, Alfarra, 2004;
Zhang et al., 2005a). Differences in the intensity of m/z 44 frag-
ments, however, reflect the different levels of oxidation in these
two OOA components. To be consistent with previous stud-
ies (Lanz et al., 2007; Ulbrich et al., 2009), the more oxidized
component was referred to as OOA I while the less oxidized
component was designated OOA II.

3. Results and discussion

3.1. NPF events

The NPF events during the study were identified based on the
evolution of the size distributions and particle number concen-
trations following the definitions of Kulmala et al. (2004). More
specifically, high number concentrations in both the nucleation
and Aitken modes as well as obvious growth trends in these par-
ticle size classes were used to identify the NPF events. Particle
growth rates (GRs) for these NPF events are calculated follow-
ing the method described by Yue et al. (2010) and (Wiedensohler
etal. (2009). Growth trends were modelled by cubic fitting of the
relationship between the median diameter measured by SMPS
during the growth interval and time: the resulting AD,/At was
defined as the GR for that time interval.
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Fraction of signal

m/z

Fig. 3. The signal intensity of mass spectrum for three different types of organics. Hydrocarbon-like aerosol (HOA), more oxygenated organic
aerosol (OOALI), less oxygenated organic aerosol (OOAII)

3.2. A case study of SA particle formation into southerly. Figure 4 presents the data collected during a
typical NPF event. This episode began in the morning between
~08:00 to 09:00 CST on 17 July and continued till around 12:00.
It followed elevated concentrations of the precursor-gases and

Typically, NPF events in Beijing occured after periods in which
the air was clean, and they were usually accompanied by rel-

atively weak winds that changed in direction from northerly featured a spike in the number of nucleation mode particles
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Fig. 4. Time series of (a) hydrocarbon-like aerosol (HOA), more oxygenated organic aerosol (OOAI), (b) less oxygenated organic aerosol (OOAII)
in total organic matter, (c) aerosol concentrations, gases and O3 concentrations, (d) number concentrations in different particle mode and H,SO4
proxy and (e) time series of aerosol particle size, condensational sink (CS) and surface area concentration.
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(~20 x 10* cm~?) and ensuring growth in the Aitken mode.
Simultaneous peaks for the sulphuric acid proxy and nucleation
mode particles were seen in P1 as was an increase of surface O3
and SO,. Organic matter concentrations increased, but sulphate,
nitrate and ammonium concentrations were at low levels and
remained steady; low values for surface area and CS also were
found. Relatively larger concentration increases were found for
OOA I and HOA compared with OOA II and sulphate.

In Period 2 (P2) from 12:00 to 17:00 on 17 July, the O3 con-
centration decreased and then rose to its maximum, presumably
via photochemical reactions because the daily peak in solar ra-
diation occurred during this period. Organics initially showed a
downward trend and then their concentrations increased slightly;
this was associated with a decrease in the number of nucleation
mode particles, a relatively stable maximum size for the accu-
mulation mode particles, and low values for surface area and
CS.

From 17:00 to midnight (P3), the particles continued to grow,
and the number concentration of particles in the accumulation
mode increased especially sharply. Organics, sulphate, nitrate
and ammonium products all showed increasing trends, but the
concentrations of the organics were consistently higher than
other SAs. The growth rate of total organics was 1.53 ugm=>h™!
while that for OOA was 0.92 g m=3 h™! and that for sulphate
was 0.64 g m=3 h~! (Table 1). The fact that the growth rate for
organics was larger than that of sulphate implies that organics
played a dominant role in SA formation even though sulphuric
acid also contributed to the process. This result is consistent
with other studies for the particle growth in Beijing (Zhang
et al., 2004b). We also observed an inverse relationship between
O; and organics from the beginning of this interval, that is, a
decrease in O3 but an increase in organics.

From 2:00 am to 9:00 am (P4) on the following day (18 July),
high concentrations of a variety of precursor gases other than
O; were observed; this presumably resulted from intensifying
nighttime emissions of pollutants and a relatively shallow mixed
layer. At the same time, high concentrations of all SA species
were observed. Also on 18 July, and at roughly the same times
as on the preceding day, a similar sequence of the four peri-
ods described (P1, P2, P3 and P4) was observed (Fig. 4). The
trends in precursor gases and aerosols were generally consistent
with those on the day before, and this suggests some recurring
features in the formation of NPs and SA during the summer in
Beijing.

3.3. Characteristics of 23 NPF events

We identified a total of 23 NPF episodes during the sampling
campaign (Table 1), and these have been divided into five time
intervals (I-1 to 5) on the basis of the types of pollution-control
measures that were in place. During I-1 no special control mea-
sures were taken. From 1 to 19 July (I-2), about 300 000 ‘yellow-
tag vehicles’ were banned from the roads. These were highly
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polluting vehicles whose exhaust emissions exceeded the Euro-
pean Union Criteria [; examples include freight vehicles, trac-
tors, low-speed cargo trucks, three-wheeled vehicles, motorcy-
cles and vehicles used to transport hazardous chemicals. During
I-3 motor vehicle traffic was reduced by alternately allowing only
vehicles with even or odd license plates to operate, construction
activities largely stopped, and coal power plant emissions were
strictly limited. During the Beijing Olympic period (I-4, 8 to
24 August), additional measures were taken to further reduce
coal-combustion emissions, and finally during the Paralympic
Games period (25 August to 20 September, I-5), some of the
control measures were eased (Zhang et al., 2009).

Time series plots of the size distributions, median diameter
and fitted growth rates during five NPF events are presented in
Fig. 5. The observed GRs from this study are generally smaller
than those determined by (Yue et al., 2010) whose study also was
conducted in Beijing. This difference in GRs can be explained
by the fact that the 3—600 nm size range measured by Yue et al.
was broader than in our study (12-550 nm). Consequently, more
nucleation mode particles were measured in their study and that
resulted in a larger growth rate. In addition, the two studies were
conducted at different locations and therefore local differences
probably also contributed to the discrepancies in GRs.

In the competition between NPF and condensation, nucleation
is favoured by low particle surface areas, or more directly, by low
CSs. This is clearly shown in our results (Table 1) because most
of NPF episodes occurred when both particle surface area and
CS were low. Strong northerly winds were often observed before
NPF events: this is significant because winds from this direction
sweep the aged aerosol away from Beijing as there are relatively
few pollutant sources on that side of the city. Similarly, rainfall
also often preceded NPF and this, too, would tend to cleanse the
atmosphere and provide conditions that would support NPE. In
the initial phase of a NPF event, a new particle mode (<25 nm)
appeared, and it increased in particle number and was sustained
for 2-3 h.

Chemically, the temporal variations in the sulphuric acid
proxy (see Section 2, formula 1) and nucleation mode particles
were quite similiar, indicating that the sulphuric acid played an
important role in NPF (Fig. 6). This conclusion is consistant
with the findings of (Yue et al., 2010) who also confirmed the
dominant role of sulphuric acid in the nucleation processes. We
cannot rule the role of OA in the NPF, however, because in the
early stages of NPF, the OA concentrations often were high. As
noted, only particles greater than 30 nm could be analysed with
the AMS, and therefore the full size spectrum of nucleation mode
particles could not be evaluated. Another limitation of our study
is a lack of VOC (volatile organic component) data, and as a re-
sult of this, we do not have sufficient data to fully evaluate the im-
portance of OA for NPF, but this will be investigated in our future
work.

As noted, various measures were implemented during the
2008 Beijing Olympic Games to control air pollution, and these
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measures apparently did affect particle formation. To facilitate
the discussion of these effects, the study is divided into five time
intervals, which are next discussed in sequence. During the first
interval (I-1), which was before any special control measures had
been implemented, relatively high particle concentrations (~93
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ne m~?) were observed, and the SO, concentration averaged
9.73 ppb (Table 1). This was higher than that during I-2 when
the yellow-tagged vehicles were banned from roads. Three NPF
events were observed during I-1, and the particle growth rates
during that interval (8.06, 8.32 and 8.64nm h~') were higher



390

309 o . a)

slope=0.2199
2.5 4

2.0 +

(nm/h)

GR_OOA

GR_diameter (nm/h)

OOOA_GR

Y. M. ZHANG ET AL.

°=0.752 b) e
slope=0.4224

, (nm/h)
I

GR_SO,
)
|

B SO4_GR
- 0

5.0
45
4.0
35
3.0
2.5
2.0
1.5
1.0
0.5
0.0

GR(uug/n /h)

-0.5

5 Jul
6 Jul
10 Jul
15 Jul
16 Jul
17 Jul

6 Jun
8 Jun
21 Jun
29 Jul

1 Aug
2 Aug
12 Aug
15 Aug
16 Aug
18 Aug
22 Aug
23 Aug
24 Aug
10 Sep
12 Sep

Fig. 7. Correlation between (a) growth rate of oxygenated organic aerosol and (b) sulphate versus diameter growth rate; (c) growth rates for OOA,

sulphate in NPF events.

than in I-2. In I-3, when the measures were taken to limit motor
vehicle traffic based on even versus odd license plates, the aver-
age SO, concentration dropped to 5.23 ppb, and the growth rate
decreased to ~4 nm h™!. This suggests that the concentrations
of precursor gases such as SO, affect the particles’ growth rates.
During the actual games, that is, I-4 (Olympic Games) and I-5
(Paralympic Games), the average concentrations of both PM and
SO, remained at a rather low levels (~30 to 40 ug m=3 for PM
and 3-5 ppb for SO,), and growth rates were slow.

To evaluate the contributions of organics and sulphuric acid
to condensational growth, we plotted the particles’ growth rates
against those of OOA and sulphate (Figs 7a and b). It is obvi-
ous from these graphs that both the OOA and sulphate growth
rates were strongly correlated with the particle growth, that is,
the corresponding 2 values for OOA_GR and SO,_GR with
the growth rate were statistically significant, 0.65 and 0.76, re-
spectively (Figs 7a and b). This indicates that both organics
and H,SO, contributed to the growth processes, and this is also
partially consistent with the Yue’s model calculations that emp-
hazied the role of H,SO,. The growth rates of OOA and sulphate
for all 23 NPF events are plotted as time series, and one can see
that there are only eight cases in which the SO,_GR was greater

120
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Fig. 8. Correlation between oxygenated organic aerosols (OOA,
representing secondary organic carbon) and sulphate plus nitrate during
the entire campaign (June—September 2008).

Tellus 63B (2011), 3



NEW PARTICLE AND SECONDARY AEROSOL FORMATION 391

than the OOA_GR (Fig. 7c). This analysis thus shows that both
organic and sulphur chemistry played major roles in particle
growth.

3.4. Role of organics and secondary organic
aerosol in SA formation

Among the more notable features of the data for the study were
the relatively high concentrations and percentages of organic
aerosols in PM; (20-80%). Even during the early stages of
NPF formation, organics were the dominant aerosol species in
the measured size range. Indeed, two of the organic fractions,
OOA I and HOA, continued to the increase during the growth
period, and their growth rates were larger than that of OOA II.
Unfortunately, due to the inability of the AMS to detect the full
size range of nucleation mode particles, we were not able to
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definitely evaluate the contribution of sulphate to the nucleation
mode (Fig. 4).

Significant correlations between OOA (OOA I and OOA 1I)
and the sum of sulphate and nitrate are a further indication
that both organic and inorganic substances were involved the
formation of the SAs (Fig. 8). Moreover, the particle forma-
tion processes involving these compounds were all likely in-
fluenced by common factors, especially weather (Zhang et al.,
2009). As shown in Table 1, the oxygenated organic aerosol
(OOA) composed ~60% of the total organic mass through the
entire observation period. This value is consistent with previ-
ous estimates made for a rural site in China (Zhang et al.,
2005c¢), and at 14 Chinese sites (70% for rural and 60% for
urban sites, Zhang et al., 2008). The relatively high propor-
tions of OOA during I-1 when no special pollution control mea-
sures were in place and under stable weather conditions (Zhang
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Fig. 9. Mass size distributions of nitrate, sulphate, organics and organic mass fragments (m/z 43, m/z 44, m/z 57) determined by AMS during four

different periods (P1 to P4) during the NPF event on 17 July.
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et al., 2009), suggested that a large quantity or high percent-
age OOA formed in polluted air masses and stable atmospheric
conditions.

Plots of the mass-size distributions of nitrate, sulphate, or-
ganics and organic mass fragments (m/z 43, m/z 44, m/z 57) for
the NPF event on 17 July (Fig. 9) show large peaks in particle
diameters around 500 nm during the last two periods of SA for-
mation (P3 and P4). This is an indication that submicron-sized
particles produced via the gas-to-particle conversion of volatile
organic compounds were a major contributor to the SA popu-
lation. Unlike nitrate, the organics aerosols showed a bi-modal
distribution during the early phases of SA formation (P1 and
P2), with one peak around 100 nm and another around 200 nm.
The first peak is characteristic of newly formed particles while
the second peak is more representative of growing particles.
Sulphate also showed bi-modal distribution, and although its bi-
modality was less obvious than that of the organics, this is fur-
ther evidence that sulphate also was involved in SA formation,
including both nucleation and early particle growth. Organic
species with m/z 43 and m/z 44 show trends in size distribution
similar those of the total organics, suggesting an important role
for OOA in both the nucleation and aging of organics. Notably,
the m/z 57 signal, which is representive of HOA, remained at
very low and steady concentrations during the various SA for-
mation periods, suggesting a lesser involvement of HOA in SA
formation.

4. Conclusions

NPF was investigated during a summertime sampling campaign
in Beijing, and special attention was given to the formation of
SA particles. Coordinated studies to measure changes in particle
number/mass-size distributions during the nucleation, conden-
sation and coagulation of aerosol particles were conducted to
evaluate the effects of special pollution controls put in place
for the Olympic games. One of the most noteworthy features
in the entire campaign was the relative high concentrations and
percentages (20-80%) of organic aerosols in the PM;. Indeed,
secondary organic aerosols accounted for ~60% of the total
organic aerosol.

Throughout the whole campaign, 23 NPF events were ob-
served. Most of the NPF events started early in the morning
when the winds were normally less than 4 ms~! and there was
a change in the wind direction from north to south. NPF events
also tended to occur after precipitation events. The growth rates
during the five stages of the NPF events apparently were influ-
enced by types of pollution controls. When no controls were
in place (I-1) or when yellow-tagged vehicles were banned
(I-2), the average growth rates were 8.34nmh~! and 6.9 nmh~",
respectively, while in contrast, during the Olympic Games, the
average particle growth rates were reduced to 4.6nm h~!, pre-
sumably due to the combined effects of weather and the lower
concentrations of precursor gases.

During the NPF events in Beijing, organic matter played an
important role in the growth of particles. From an evaluation
of the mass-size distributions for sulphate, nitrate, organics and
tracers for HOA and OOA, it can be concluded that organics
have a crucial contribution to early growth in SA formation.
The organic species OOA tends to track the changes in total
organics, suggesting its important role in the aging processes.
The HOA fraction showed relatively low and invariable concen-
trations during the SA formation periods, suggesting relatively
lesser involvement in SA formation.
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