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a b s t r a c t

An Aerodyne Aerosol Chemical Speciation Monitor (ACSM) was first deployed in Beijing, China for
characterization of summer organic and inorganic aerosols. The non-refractory submicron aerosol
(NR-PM1) species, i.e., organics, sulfate, nitrate, ammonium, and chloride were measured in situ at a time
resolution of w15 min from 26 June to 28 August, 2011. The total NR-PM1 measured by the ACSM agrees
well with the PM2.5 measured by a Tapered Element Oscillating Microbalance (TEOM). The average total
NR-PM1 mass for the entire study is 50 � 30 mg m�3 with the organics being the major fraction,
accounting for 40% on average. High concentration and mass fraction of nitrate were frequently observed
in summer in Beijing, likely due to the high humidity and excess gaseous ammonia that facilitate the
transformation of HNO3 to ammonium nitrate particles. Nitrate appears to play an important role in
leading to the high particulate matter (PM) pollution since its contribution increases significantly as
a function of aerosol mass loadings. Positive matrix factorization (PMF) of ACSM organic aerosol (OA)
shows that the oxygenated OA (OOA) e a surrogate of secondary OA dominates OA composition
throughout the day, on average accounting for 64%, while the hydrocarbon-like OA (HOA) shows a large
increase at meal times due to the local cooking emissions. Our results suggest that high PM pollution in
Beijing associated with stagnant conditions and southern air masses is characterized by the high
contribution of secondary inorganic species and OOA from regional scale, whereas the aerosol particles
during the clean events are mainly contributed by the local emissions with organics and HOA being the
dominant contribution.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Atmospheric aerosols, from a wide variety of natural and
anthropogenic sources, are important components of atmosphere.
Aerosol particles have a large impact on visibility reduction and air
quality on scales ranging from local to regional (Watson, 2002), and
play a significant role in climate change by altering the radiative
balance of the Earth’s atmosphere directly and indirectly (Forster
et al., 2007). Aerosol particles, especially particles with small
sizes, also exert a serious impact on human health causing the
increase of respiratory and cardiovascular disease and reducing life
expectancy (Pope et al., 2002, 2009). Thus, a comprehensive
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characterization of chemical composition, sources and evolution
processes are essential for unraveling the complexity of particulate
matter (PM) and evaluate its effects on climate and public health.

Rapid industrialization, urbanization, and economic growth
have resulted in a substantial increase of anthropogenic emissions
of aerosols and their precursors in China (Streets et al., 2003; Zhang
et al., 2007b). Air pollution thus has become amajor environmental
concern, especially in megacities across the whole country (Chan
and Yao, 2008). The concentrations of PM, especially fine particles
(PM2.5), often exceed the ambient air quality standards of US
Environmental Protection Agency (15 mg m�3, annual average) and
the World Health Organization (10 mg m�3, annual average). As
a result, extensive efforts have been made during the last decade to
characterize the sources, properties and processes of PM in China.
The mass concentrations, chemical composition (elements, water-
soluble ions, and elemental carbon (EC) and organic carbon (OC)),
and sources of PM10 and PM2.5 have been investigated in detail
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(He et al., 2001; Yao et al., 2002; Sun et al., 2004; Duan et al., 2005;
Wang et al., 2005; Zheng et al., 2005; Sun et al., 2006; Yang et al.,
2010b). Carbonaceous material, sulfate, nitrate and ammonium
have been found to comprise the major fraction of fine particles
(Yang et al., 2011a). The sources of PM mainly include secondary
inorganic species, coal combustion, vehicle exhaust, biomass
burning, and mineral dust etc. depending on seasons and sites
(Zheng et al., 2005; Song et al., 2006; Chan and Yao, 2008).
However, most of previous studies are based on filter measure-
ments which are limited by either a fixed site or a low time reso-
lution from hours to days. The knowledge of the rapid evolution
processing of aerosol components is not well known.

Aerodyne Aerosol Mass Spectrometer (AMS) is capable of
providing size-resolved real-time measurements of non-refractory
submicron aerosol (NR-PM1) species (Jayne et al., 2000). AMS
relying upon thermal vaporization (typically at 600 �C) and 70 eV
electron-impact ionization (EI) (e.g., Canagaratna et al., 2007) has
beenwidely used in both field measurements and chamber studies.
The application of Aerodyne AMS in Beijing, China started in 2006
(Takegawa et al., 2009a; Sun et al., 2010a) followed by further
deployments in 2008 (Huang et al., 2010; Zhang et al., 2011). The
highly time- and size-resolved measurements offer us many
valuable insights into the characteristics, sources and processes of
submicron aerosols in Beijing. However, most of these studies are
limited by a short sampling period, typically less than 2 months,
due to the high cost and complexity of maintenance. Long-term
measurements of aerosol composition and mass concentration
are rather limited, yet important for a full understanding of aerosol
characteristics in China. Aerodyne Aerosol Chemical Speciation
Monitor (ACSM) built upon AMS is specially designed recently for
long-term continuous measurements of the mass concentrations
and composition of NR-PM1 species (Ng et al., 2011). The perfor-
mances of ACSM have been evaluated in detail during the Queens
College Study in New York City in 2009 (Ng et al., 2011; Sun et al.,
2011b). The eight weeks, continuous and unattended ACSM
measurements showed good agreements with the measurements
by a High-Resolution Time-of-Flight AMS (HR-AMS) and other
collocated instruments.

In the present study, we first deploy an ACSM in Beijing, China
for a long-term routine measurement of NR-PM1 species including
organics, sulfate, nitrate, ammonium, and chloride. Here, we report
the results from the first two month measurements during 26
Junee28 August, 2011 and demonstrate the capability of ACSM for
real-time quantification of mass concentrations and composition of
aerosol species in highly polluted environment. Insights into the
sources, properties and evolution processes of summer aerosols in
Beijing are presented. Positive matrix factorization (PMF) analysis
of ACSM OA spectra, and the sources and processes of OA compo-
nents are also discussed.

2. Experimental

2.1. Sampling site and meteorology

The submicron aerosol was measured in-situ from 26 June to 28
August, 2011 by the ACSM at Institute of Atmospheric Physics (IAP),
Chinese Academy of Sciences (39�5802800N, 116�2201600E), which is
located between the north 3rd and 4th ring road in Beijing. The
sampling site is located on the roof of a second-story building
(w8 m high), approximately 40 m from the nearest traffic road. The
meteorology variables including temperature, relative humidity,
wind speed, and wind direction were obtained from the meteo-
rology tower of IAP, w30 m from the sampling site. All the data in
this study are reported at ambient temperature and pressure
conditions in Beijing Standard Time.
2.2. Instrumentation and operation

Compared to previous versions of AMS (Jayne et al., 2000;
Drewnick et al., 2005; DeCarlo et al., 2006), the ACSM uses the same
aerosol sampling, and vaporization and ionization modules, but
removes the size components, i.e., no size information. Without
a chopper at the entrance of chamber, ACSM determines the
particle and background signals by alternating the sample flow
between ambient air and particle-free air which is controlled by
a 3-way automated switching valve. In addition, a unique yet
necessary design of ACSM is the internal naphthalene standard
situated inside the chamber which can be used for the purposes of
m/z calibration, ionization efficiency (IE) calibration, and ion
transmission efficiency (TE) due to its intense parent ion peak
m/z 128 but minor interferences on other fragment ions. The
detailed descriptions of ACSM has been given in Ng et al. (2011).
Briefly, aerosol particles with vacuum aerodynamic diameter (Dva)
w40e1000 nm are sampled into ACSM through a 100 mm critical
orifice mounted at the inlet of an aerodynamic lens. The particles
are then directed onto a resistively heated surface (w600 �C) where
NR-PM1 components are flash vaporized and ionized by 70 eV
electron impact. The positive ions are then analyzed by a commer-
cial quadrupole mass spectrometer.

Ambient aerosol was drawn inside the room through a ½ inch
(outer diameter) stainless steel tube at a flow rate ofw3 L min�1, of
which w84 cc min�1 was sub-sampled into the ACSM. An URG
cyclone (Model: URG-2000-30ED) was supplied in front of the
sampling inlet to remove coarse particles with a size cut-off of
2.5 mm. The residence time in the sampling tube isw5 s. During this
study, the ACSMwas operated at a time resolution ofw15minwith
a scan rate of mass spectrometer at 500 ms amu�1 from m/z 10 to
150.

The ACSM was calibrated for IE with ammonium nitrate
following the procedures detailed in Ng et al. (2011). The mono-
dispersed, size-selected 300 nm ammonium nitrate particles
within a range of concentrations were sampled into both the ACSM
and a condensation particle counter (CPC). IE was then determined
by comparing the response factors of ACSM to the mass calculated
with the known particle size and the number concentrations from
CPC. Once the IE is determined, the changes of the internal standard
naphthalene or air ions, e.g.,m/z 28 ðNþ

2 Þ orm/z 32 ðOþ
2 Þ can be used

to account for the degradation of detector. The naphthalene signal
in the chamber is temperature dependent and needed to be cor-
rected first using ClausiuseClapeyron equation (Ng et al., 2011).
Note the variation of naphthalene signal cannot account for the
change of flow rate while the air signals do.

The detection limits (DLs) of individual species for ACSM are
determined as 3 times the standard deviation (3s) of their mass
concentrations in the particle-free ambient air. The DLs of organics,
nitrate, sulfate, ammonium, and chloride for 30 min average data
are 0.54, 0.06, 0.07, 0.25, and 0.03 mg m�3, respectively. As ammo-
nium shows similar DL to that reported in Ng et al. (2011), other
species show overall higher DLs likely due to the different back-
ground signals.

A Tapered Element Oscillating Microbalance (TEOM series
1400a, Thermo Scientific) was simultaneously operated at the same
site to measure the PM2.5 mass at a time resolution of 1-min. In
addition, a dual-wavelength (1064 nm and 532 nm) depolarization
Lidar (National Institute for Environmental Studies, Japan) was
operated on the roof of a second-story building at IAP, which is
w30 m from the sampling site. The detailed descriptions of Lidar
instrument and operations are given in Yang et al. (2010a). The
planetary boundary layer (PBL) height was then retrieved from the
measurements at 532 nm with a cubic root gradient method
(CRGM) developed by Yang et al. (submitted for publication).
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2.3. Data analysis

The ACSM data were analyzed for the mass concentrations and
composition with the standard ACSM data analysis software
written in Igor Pro (WaveMetrics, Inc., Oregon USA). A collection
efficiency (CE) was introduced to account for the incomplete
detection of aerosol species, mainly due to particle bounce at the
vaporizer (Matthew et al., 2008). For most ambient studies,
CE ¼ 0.5 is found to be representative with data uncertainties
generally within �20% (Canagaratna et al., 2007; Middlebrook
et al., 2011). However, a high CE > 0.5 is observed when the aero-
sol particles are highly acidic or contain high fraction of ammonium
nitrate or high content of particle phase water (Kleinman et al.,
2007; Matthew et al., 2008). In this study, to reduce the uncer-
tainties of CE due to particle phase water, a silica gel diffusion dryer
was introduced to keep the relative humidity in sampling line
below 40%. In addition, the aerosol particles in Beijing are overall
neutralized (Huang et al., 2010; Sun et al., 2010a), particle acidity
thus plays minor roles in affecting CE. The composition-dependent
CE is mainly driven by the mass fraction of ammonium nitrate
(ANMF), and the relationship between CE and ANMF can be
parameterized as CE ¼ max(0.45, 0.0833 þ 0.9167 � ANMF)
(Middlebrook et al., 2011). Given high fraction of ammonium
nitrate is often observed in this study, variable CEs calculated using
the equation above are applied. The ion TE corrections are also
needed to calculate the mass concentrations since the TE decreases
sharply as a function of m/z. Here we use the measured time-
dependent TE from naphthalene fragment ion peaks with intensi-
ties >w1% for the correction, which has been shown to agree
reasonably with those determined from the noble gases (Ng et al.,
2011).
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Fig. 1. (a) Time series of NR-PM1 measured by the ACSM and PM2.5 measured by the TEOM
versus PM10 reported by the Ministry of Environmental Protection (MEP) of the People’s R
The PMF with PMF2.exe algorithm (v 4.2) (Paatero and Tapper,
1994) was performed on ACSM OA mass spectra following the
procedures described in Ulbrich et al. (2009). Only m/z < 120 was
used for PMF analysis due to the following reasons: 1) the signals
above m/z > 120 account for a minor fraction of total signal, 2) the
m/z’s > 120 have larger uncertainties because of low ion TE and
the large interferences of naphthalene signals on some m/z’s
(e.g., m/z 127, 128, and 129). The PMF2 solutions were then inves-
tigated with an Igor Pro-based PMF Evaluation Tool (PET, v 2.04)
(Ulbrich et al., 2009). The time series, diurnal cycles, mass spectra,
and correlations with external tracers are carefully evaluated. The
solution of two components including a hydrocarbon-like OA
(HOA) and an oxygenated OA (OOA) were chosen in this study.

3. Results and discussion

3.1. Submicron aerosol mass

Fig. 1a shows the time series of mass concentrations of NR-PM1
measured by the ACSM and PM2.5 by the TEOM. The total NR-PM1
(¼sulfate þ nitrate þ organics þ ammonium þ chloride) shows an
overall similar trend to PM2.5 (r2 ¼ 0.68). On average, NR-PM1
reports 64% of the TEOM PM2.5 mass, mainly because the ACSM
only detects PM1 and does not respond to refractory components
such as black carbon and crustal materials. Our results are consis-
tent with the observations by Zhang et al. (2011) in summer 2008 in
Beijing that AMS NR-PM1 species of sulfate, nitrate, and ammonium
on average reported 56e61% of PM2.5. Similarly, the water-soluble
inorganic species (SO2�

4 , NO�
3 , NHþ

4 , and Cl�) measured by
a Q-AMS agreed with those determined from five-stage Berner
cascade impactor samples, and AMS PM1 species reported
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w61e87% of those in PM1.2 (Takegawa et al., 2009b). Fig. 1c pres-
ents a comparison of daily average of NR-PM1 with PM10 calculated
from the air pollution index (API) that was reported by the Ministry
of Environmental Protection (MEP) of the People’s Republic of
China (http://datacenter.mep.gov.cn/). Again, the two measure-
ments agree well and ACSM NR-PM1 reports 47% on average of
PM10, indicating that submicron aerosol mass accounts for a large
fraction of inhalable particulate matter in Beijing.

The average (�1s) NR-PM1 mass for the entire study is 50
(�30) mg m�3 with hourly average ranging from 2.3 to 190 mg m�3.
In comparison to the measured NR-PM1 mass at the Chinese
Academy of Meteorological Sciences (CAMS) in 2006 by a Q-AMS
(80 � 41 mg m�3) (Sun et al., 2010a) and at the Peking University
(PKU) in 2008 by a HR-AMS (61.3 mg m�3) (Huang et al., 2010), the
submicron aerosol mass appears to show a decreasing trend during
the past several years, consistent with the decreasing trend of
aerosol optical depth (AOD) in August from 2006 to 2010 in Beijing
(Xue et al., 2011). Another reason for the lower submicron mass is
due to the much higher amount of precipitation in 2011 than
previous years, which often scavenges the hygroscopic aerosol
species efficiently (Sun et al., 2011a). Given that the average total
NR-PM1 mass might vary because of the different sampling dates,
we further compared the total NR-PM1 mass measured during the
same sampling period among different years. The average NR-PM1
mass during 9e21 July in 2011 is 40 � 18 mg m�3, twice lower than
80 mg m�3 observed during the same sampling period in 2006. In
contrast, the average NR-PM1 mass of 53 � 32 mg m�3 in 2011 is
close to 51 � 35 mg m�3 in 2008 during the same sampling
period of 23 Julye28 August. Note that the stringent measures for
emission controls were implemented during 23 Julye28 August,
2008, leading to a significant reduction of PM pollution. Despite
this, the PM1 mass is often several times higher than those
observed in a number of megacities, e.g., New York City, Mexico
City, and Tokyo etc. and tens of times higher than those reported
Fig. 2. Time series of (a) temperature (T) and relative humidity (RH); (b) wind direction; (c)
submicron aerosol species, i.e., organics, sulfate, nitrate, ammonium, and chloride. The pie c
events are marked and discussed in the text.
at rural locations in the United States or Europe (Zhang et al.,
2007a), thus continuous efforts to reduce the source emissions of
PM are needed.

3.2. Mass concentrations and composition

Fig. 2 shows the time series of mass concentrations of NR species
for the entire study. All aerosol species show very dynamic varia-
tions because of changes of source emissions, meteorology, PBL
height, photochemical reactions and regional transport. The aerosol
species were often observed to be rapidly built up under stagnant
meteorological conditions (e.g., high humidity and lowwind speed)
over the course of several days (e.g., 22e25 July), or dramatically
reduced because of the quick removal processes associated with
heavy rain falls and/or the dilution of clean air masses fromnorth or
northwest (e.g., 29 July). Similar accumulation and cleaning
processes of submicron aerosol species were also observed at
a rural site Yufa in 2006 (Takegawa et al., 2009a). Overall, organics
comprise the major fraction of PM1, accounting for 40% on average,
with the nitrate being the second largest. Nitrate and sulfate
account for 25% and 18%, respectively, of the total NR-PM1 mass,
while chloride represents a minor fraction, w1%. Table 1 presents
a comparison of the average composition of NR-PM1 between this
study and 2006 and 2008. The average bulk composition of NR-PM1
shows similar dominance of organics to previous observations in
Beijing (Huang et al., 2010; Sun et al., 2010a), but lower mass
concentrations for all species except nitrate. Sulfate shows the
largest reduction by 55% since 2006, likely due to the decrease of
SO2 emissions during the past five years. The mass concentration of
nitrate shows a large decrease in summer 2008, consistent with the
significant reduction of NOx because of the source emissions
control during the Olympic Games (Yang et al., 2011b), but
rebounds back in 2011 due to the increase of NOx in recent years
based on the Beijing Environmental Statement (http://www.bjepb.
wind speed (WS) and precipitation; (d) planetary boundary layer (PBL) height; and (e)
hart shows the average chemical composition of NR-PM1 for the entire study. Four case
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Table 1
Summary of mass concentrations (mg m�3) and composition of NR-PM1 species and
OA components for the entire study and four case events as marked in Fig. 2. The
AMS data measured at CAMS in July 2006 (Sun et al., 2010a) and at PKU in
JulyeSeptember 2008 (Huang et al., 2010) are also presented.

Entire study Case 1 Case 2 Case 3 Case 4 July, 2006 JulyeSep., 2008

Org 20.0 8.3 38.5 31.4 52.0 28.1 23.9
SO4 9.0 0.92 26.5 20.9 29.4 20.3 16.8
NO3 12.4 0.77 37.3 31.0 44.0 17.3 10.0
NH4 8.0 0.80 22.4 19.1 25.5 13.1 10.0
Chl 0.5 0.04 2.3 1.4 1.2 1.10 0.55
Totala 49.9 10.8 127.0 103.8 152.1 80.0 61.3
HOA 7.1 4.3 12.2 7.7 13.7 11.5 10.2b

OOA 12.7 4.1 23.7 22.1 37.0 16.6c 13.7c

a Total ¼ Org þ SO4 þ NO3 þ NH4 þ Chl.
b HOA here refers to the sum of traffic HOA and COA.
c OOA ¼ OOA-1 þ OOA-2 or SV-OOA þ LV-OOA.
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gov.cn/portal0/tab181/). It appears that the variations of secondary
inorganic aerosol species are closely related to the emissions of
their precursors. For instance, due to the increase of NO2 emissions
and the reduction of SO2, the contribution of nitrate to NR-PM1 is
found to increase while that of sulfate decreases over time. Similar
increase of NO�

3 =SO
2�
4 ratio was also observed in 2009e2010

compared to previous years by investigating the water-soluble
ions from filter measurements (Zhao et al., 2011).

It’s interesting to note that a large amount of nitrate presents in
submicron aerosol particles and often exceeds the concentration of
sulfate in summer (Fig. 2). This is not typical since ammonium
nitrate is volatile and tends to remain in the gas phase under high
temperatures. For example, Ianniello et al. (2011) found w83% loss
of nitrate due to the evaporation from Teflon filters in summer. The
diurnal variation of nitrate shows low concentration in the after-
noon (Fig. 3a), which is also likely due to the evaporative loss.
However, when the dilution effects by PBL are considered, the
Fig. 3. Average diurnal cycles of (a) mass concentrations and (b) mass fraction, (c) planetar
shows the stacked plot of diurnal cycle of PBL-normalized mass concentrations of NR-PM1 sp
diurnal cycle of nitrate presents a pronounced noon peak (Fig. 3c),
indicating that the evaporative loss cannot overcome the photo-
chemical production of HNO3 from the reactions of NO2 þ OH. High
concentration of nitrate persists throughout the day
(7.4e15.7 mg m�3) with the contribution to the total NR-PM1 being
17e31%. One reason for such substantial nitrate in summer is due to
the abundant gaseous ammonia (NH3) in the atmosphere (Meng
et al., 2011) that can neutralize the HNO3 to form NH4NO3 parti-
cles. This is consistent with the bulk neutralized aerosol particles in
this study and previous observations in Beijing (Huang et al., 2010;
Sun et al., 2010a). Another reason is due to the high relative
humidity in summerwhich facilitates the dissolve of HNO3 and NH3
into aqueous phase and enhances the concentration of ammonium
nitrate (Ianniello et al., 2011).

Fig. 4 shows the variations of the meteorology (RH, wind speed
and PBL) and the mass fractions of NR-PM1 species as a function of
total NR-PM1 mass. Meteorology plays an important role in causing
the high PM pollution. In general, the high aerosol mass loadings
are associated with high humidity, low wind speed and low PBL. As
the total NR-PM1 mass is above 50 mg m�3, the relative humidity is
consistently high at>w65%, thewind speed keeps lowatw1m s�1,
and the PBL height is generally below 1000 m (Fig. 4aec). Organics
dominate the total NR-PM1 mass at lowmass loadings (e.g., 63% on
average at NR-PM1 <20 mg m�3) and its contribution decreases till
w30% at the mass loadings ofw150 mgm�3. The similar dominance
of organics at low PM loadings was also observed at the rural site
Yufa (Takegawa et al., 2009a) and the urban site PKU (Huang et al.,
2010). Note that the organics show elevated contribution at mass
loadings >160 mg m�3, mainly due to a few organic plumes from
local emissions. The inorganic species of nitrate and chloride,
however, show a reversed trend to organics as a function of aerosol
mass loadings. The contribution of nitrate is elevated fromw10% at
low mass loadings to w30% at high mass loadings, and similarly,
y boundary layer (PBL) height normalized mass concentrations of NR-PM1 species. (d)
ecies. The concentration of chloride in (a) and (c) is enhanced by a factor of 5 for clarity.

http://www.bjepb.gov.cn/portal0/tab181/


Fig. 4. (a) Relative humidity, (b) wind speed, (c) planetary boundary layer height, the mass fraction of (d) organics, (e) sulfate, (f) nitrate, and (g) chloride in NR-PM1, and the mass
fraction of (h) HOA and (i) OOA in OA as a function of NR-PM1 mass loadings. The data were binned according to the total mass, and mean (cross), median (horizontal line), 25th and
75th percentiles (lower and upper box), and 10th and 90th percentiles (lower and upper whiskers) are shown for each bin.
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the fraction of chloride is enhanced by a factor of 6 from 0.26% to
1.7%. It appears that ammonium nitrate and chloride play a more
important role during the highly polluted events when the high
humidity favors the partitioning of gas-phase species (e.g., HNO3,
NH3, and HCl) to particles. Comparatively, sulfate remains
a consistently high contribution w15e20% across all the mass
loadings. This finding might have important implications for the
PM control strategy that reduction of the emissions of precursors of
secondary inorganic species (e.g., SO2 and NOx) in Beijing would be
effective to improve the air quality in Beijing, and also themeasures
should be implemented in both Beijing and surrounding regions.

3.3. Diurnal variations of NR species

Fig. 3 shows the average diurnal cycles of mass concentrations
and composition of NR-PM1 species. The organics present
a pronounced diurnal cycle with two distinct peaks in the early
afternoon (12:00e14:00) and in the evening (19:00e22:00).
Similar diurnal patterns were also observed at CAMS in 2006and
at PKU in 2008 (Huang et al., 2010; Sun et al., 2010a), and also
other urban sites e.g., New York City, USA (Sun et al., 2011b) and
London, UK (Allan et al., 2010). The contributions of organics to
the total NR-PM1 for the two peaks are correspondingly high,
accounting for 44% and 50%, respectively. Evidence by investi-
gating the diurnal cycles of OA components suggests that the two
peaks occurring at meal times are mainly contributed by cooking-
related activities (Allan et al., 2010; Huang et al., 2010; Sun et al.,
2011b). Sulfate shows a flat diurnal cycle with a slight increase in
the afternoon, similar to those observed in 2008 (Huang et al.,
2010). This is consistent with the secondary nature of sulfate
that is mainly produced in regional scale. In fact, the frequent
observations of multi-day build-up (e.g., 22e25, July) signify the
regional influences on sulfate concentration. However, if consid-
ering the dilution effects of PBL, sulfate shows a gradual increase
starting from w10:00 till w16:00, and then remains at a high
concentration level. The results indicate that the photochemical
production of H2SO4 from SO2 þOH also have played an important
role in driving the diurnal variation of sulfate. Both nitrate and
chloride show similar diurnal cycles with the highest concentra-
tions appearing in the early morning since these two species show
similar volatile characteristics, and their concentrations are both
sensitive to temperature and RH. The chloride measured by the
ACSM is primarily NH4Cl since ACSM does not detect the chloride
salts (e.g., NaCl) at the vaporizer temperature of w600 �C. The
chloride concentration drops rapidly after the morning and stays
at a low level for the whole afternoon, indicating that the diurnal
pattern of chloride is mainly driven by the temperature depen-
dent gas-particle partitioning of ammonium chloride. Further
support is that chloride presents the similar diurnal cycle even
though the PBL effect is considered (Fig. 3c). The gaseous HCl
measured in the Pearl River Delta region showed high concen-
tration during day time and presented an opposite diurnal pattern
to water-soluble chloride, likely from the evaporation of NH4Cl
though the reaction between HNO3 and sea salt might also have
played a role (Hu et al., 2008). Comparatively, the decrease of
nitrate during daytime is much smoother than chloride, whereas
the diurnal cycle of PBL-normalized nitrate even shows
a pronounced noon peak, which is due to the competing effects
between the photochemical production of HNO3 and the evapo-
rative loss at high temperature.
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3.4. Investigation of OA components

PMF analysis of ACSM mass spectra of OA identified two
components, i.e., HOA and OOA, each of which shows distinct time
series and mass spectral profile corresponding to different sources
and formation processes (Fig. 5). Increasing the number of factors
leads to a third OA component that is mixed with HOA and OOA.
Due to a lack of collocated measurements, only two components
results are presented. The mass spectrum of HOA shows overall
similarity to those of primary OA emitted from gasoline and diesel
combustion sources (Canagaratna et al., 2004) and the spectra of
HOA components determined at other urban sites (Zhang et al.,
2005a; Allan et al., 2010; Sun et al., 2011b), all of which are char-
acterized by the prominent hydrocarbon ion series of CnHþ

2n�1 (e.g.,
m/z 27, 41, 55.) and CnHþ

2nþ1 (e.g.,m/z 29, 43, 57.). Note that HOA
in this study shows higher m/z 55/57 ratio in comparison to diesel
exhaust aerosols, yet similar to the HOA component resolved in
2006 (r2 ¼ 0.97, Fig. 5a) (Sun et al., 2010a). Highm/z 55/57 together
with the unique diurnal variation has been used as a diagnostics for
the presence of cooking OA (COA) (Mohr et al., 2009; Allan et al.,
2010; Sun et al., 2011b), another primary OA (POA) component
a
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mainly from cooking activities. The diurnal cycle of HOA in this
study shows two pronounced peaks corresponding to noon and
evening meal times, indicating a large contribution of COA to POA.
The results above suggest that HOA in this study is a mixture of
traffic HOA and COA. In 2008, PMF analysis of high resolution mass
spectra of OA was able to distinguish the COA from the traffic HOA
(Huang et al., 2010). The mass spectrum of traffic HOA showed
comparable signals of m/z 55 and 57, yet higher oxidation state
(oxygen-to-carbon ratio, O/C ¼ 0.15) than those from fresh vehicle
emissions (w0.03e0.04) (Mohr et al., 2009). The traffic HOA
accounted for 18% of total OA in 2008, slightly lower than that of
COA (24%) (Huang et al., 2010). The HOA in this study from both
traffic and cooking emissions on average contributes 36% of total
OA for the entire study, similar to the contribution of POA
(¼HOA þ COA) in 2006 (41%) (Jimenez et al., 2009) and 2008 (42%)
(Huang et al., 2010).

The mass spectrum of OOA resembles to that of OOA-1 deter-
mined in 2006 in Beijing (Sun et al., 2010a) and OOA components
resolved at other urban sites (Lanz et al., 2007; Ulbrich et al., 2009),
which is characterized by a prominent peak atm/z 44 (mainly COþ

2 ).
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Table 2
Summary of meteorology for the four case events as marked in Fig. 2.

Case 1 Case 2 Case 3 Case 4

Wind directiona W, NW E S, SE, SW SW
Wind speed (m s�1) 1.6 1.0 0.9 0.9
Temperature (�) 27.5 28.8 29.2 28.7
Relative humidity (%) 37 79 73 72

a W: west; NW: northwest; E: east; SE: southeast; SW: southwest.
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(r2 ¼ 0.51, Fig. 6a), consistent with a conclusion achieved from
a number of previous studies showing that OOA is secondary in
nature and mostly driven by regional production (Zhang et al.,
2005b; Kondo et al., 2007). Also, the ratio of OOA to secondary
inorganic species (SO2�

4 þ NO�
3 , 0.36, Fig. 6a) is close to 0.37e0.42

observed in 2006 and 2008 (Huang et al., 2010; Sun et al., 2010a;
Zhang et al., 2011). The diurnal variation of OOA is relatively flat, but
with an observable noon peak. Note that the appearance of OOA
noon peak appears to be after the HOA noon peaks, likely due to the
photochemical oxidation of semi-volatile organic species. OOA
dominates OA composition throughout the whole day (51e77%). On
average, OOA contributes 64% of OA, close to the values observed in
previous years (Huang et al., 2010; Sun et al., 2010a). A correlation
plot between OOA and HOA is shown in Fig. 6b. OOA and HOA shows
weak correlations (r2 ¼ 0.24), confirming their different sources
origins. However, a general trend is observed that the high PM
pollution is associated with the elevated OOA but comparably low
mass fraction of OA in NR-PM1, while the low mass loadings are
characterized by the dominant contribution of HOA from local traffic
and cooking emissions. This is consistent with the increase of OOA
contribution to total OA and a corresponding decrease of HOA as
a function of total aerosol mass loadings as shown in Fig. 4.

3.5. Case studies of PM pollution

The relationship between the PM pollution, meteorology and
chemical composition are further demonstrated by four case events
(Table 1). High concentrations of NR species occupy most of time
during this study, however, clean periods associated with north or
northwest winds, low humidity, and high wind speeds are also
observed, e.g., 7e9 July (Case 1). The back trajectories in Fig. 7 show
that the air masses during Case 1 originated from the north and
northwest of China, a clean region with low emissions of anthro-
pogenic aerosols (Zhang et al., 2009; Sun et al., 2010b). The average
concentration of total NR-PM1 for this clean event is 10.8 mg m�3

with 77% being organics. PMF analysis shows that more than half of
organics is primary particles from local traffic and cooking emis-
sions. Comparatively, the other three typical pollution events on
23e24 July (Case 2), 28e29 July (Case 3), and 1e2 August (Case 4),
respectively, are all characterized by high aerosol mass loadings
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Fig. 7. Two-day back trajectories arriving at IAP, Beijing for the four case events
marked in Fig. 2. The back trajectories at 500 m height were calculated every 2 h using
NOAA HYSPLIT 4.8 model (Draxler and Rolph, 2003).
(>100 mg m�3). During the high PM pollution periods, the air
masses mostly from the south, southeast or southwest are stagnant
as suggested by the short trajectory distances. The wind speeds are
correspondingly low (<1 m s�1) and relative humidity is compa-
rably high (>70%, Table 2). All these factors together result in the
high PM pollution which often persists over a couple of days. The
aerosol species are either continuously built up (Case 2) or remain
at a high level (e.g., 11e14 July) till a change of the air masses or an
interruption by the precipitation. The submicron aerosol compo-
sition during the high PM pollution periods is significantly different
from that observed in the clean periods. Secondary inorganic
species together accounts for w70% of total NR-PM1 mass, while
organics contributes the rest of 30%. Similarly, secondary OA
comprise the major fraction of OA (66e74%) indicating that
regional production and transport plays a major role for the heavy
pollution in summer in Beijing. Such composition-dependent
evolution of PM pollution is typical in Beijing, which has been
observed many times in previous studies (Takegawa et al., 2009a;
Huang et al., 2010; Sun et al., 2010a). The results suggest again that
controlling the secondary species from regional scale might be an
effective way to improve the air quality in Beijing.
4. Conclusions

We first deployed an ACSM in Beijing, China for long-term
routine measurements of non-refractory submicron aerosol
species. For the two month study from 26 June to 28 August, 2011,
ACSM shows good performances with the measured total NR-PM1
in agreement with the PM2.5 measured by the TEOM. The aerosol
species vary very dynamically for the entire study. Multi-day build
up under stagnant meteorological conditions or clean events due to
rainfall scavenging or the dilution of clean air masses were
frequently observed. Overall, organics comprise the major fraction,
accounting for 40% on average, of total submicron aerosol mass.
Compared to AMS measurements conducted in 2006 and 2008, we
observed lower mass concentrations of total NR-PM1 mass and all
aerosol species except nitrate in summer 2011, likely due to the
progresses in improving the air quality in Beijing and also the
higher amount of precipitation during this year. An increase of
ammonium nitrate contribution in submicron aerosols in compar-
ison to previous years was observed, which likely reflects a change
of source emissions, e.g., stationary vs. mobile sources in recent
years. In addition, the photochemical production of HNO3, which is
facilitated to form ammonium nitrate particles under the condi-
tions of high humidity and excess ammonia, plays an important
role in driving the diurnal cycle of nitrate. PMF analysis was
successfully applied to the ACSMOA spectra andwas able to resolve
two components, i.e., HOA and OOA. The mass spectra profiles and
diurnal variations are consistent with those determined in previous
AMS studies in Beijing, China. Taking the submicron aerosol species
and OA components together, the high aerosol mass loadings are
generally associated with the stagnant air masses and high
humidity, and contributed dominantly by secondary inorganic
species and OOA. This has an important implication for PM control
strategy that priorities should be taken to control the emissions of
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precursors of secondary species in Beijing as well as surrounding
regions.
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