
Atmospheric Research 187 (2017) 84–94

Contents lists available at ScienceDirect

Atmospheric Research

j ourna l homepage: www.e lsev ie r .com/ locate /atmosres
Characterizing the composition and evolution of and urban particles in
Chongqing (China) during summertime
Yang Chen a,b, Fumo Yang a,c,⁎, Tian Mi a, Junji Cao b, Guangming Shi a, Rujin Huang b,d, Huanbo Wang a,
Jun Chen e, Shengrong Lou f, Qiyuan Wang b

a Key Laboratory of Reservoir Aquatic Environment of CAS, Chongqing Institute of Green and Intelligent Technology, Chinese Academy of Sciences, Chongqing 400714, China
b Key Lab of Aerosol Chemistry & Physics, Institute of Earth Environment, Chinese Academy of Sciences, Xi'an 710061, China
c Center for Excellence in Regional Atmospheric Environment, Institute of Urban Environment, Chinese Academy of Sciences, Xiamen 361021, China
d Laboratory of Atmospheric Chemistry, Paul Scherrer Institut (PSI), CH-5232 Villigen PSI, Switzerland
e School of Energy and Power Engineering, University of Shanghai for Science and Technology, Shanghai 200093, China
f Shanghai Academy of Environmental Sciences, Shanghai 200233, China
⁎ Corresponding author.
E-mail address: fmyang@cigit.ac.cn (F. Yang).

http://dx.doi.org/10.1016/j.atmosres.2016.12.005
0169-8095/© 2016 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 15 July 2016
Received in revised form 3 December 2016
Accepted 5 December 2016
Available online 7 December 2016
Urban particles were investigated using a single particle aerosol mass spectrometer (SPAMS) in Chongqing dur-
ing the summertime (from 07/05/2014 to 08/06/2014). Chemical composition, mixing state, and atmospheric
behavior of urban particleswere studied. Themajor particle types include ECOC (Elemental-Carbon-Organic-Car-
bon 20.6%), OC (20.1%), KSec (K-Secondary) (13.3%), BB (Biomass burning, 11.9%), NaK (sodium-potassium-rich,
7.3%), Al-rich (4.0%), Fe-rich (3.2%), Ca-rich (1.4%), Ca-EC (1.6%), andNaKPb (0.5%). EC, ECOC, OC, and Ca-ECwere
prevalent in the condensation mode (b0.7 μm), while KSec, EC, NaK were significant in both the droplet mode
(0.7–1.1 μm) and coarse mode. Increases in aged groups such as EC, KSec, and NaK were observed in the after-
noon. Case studies suggested that wet scavenging (rain) rates of different single particle types followed an
order of NaKPb N Fe-rich N EC N Ca-EC N Ca-rich N KSec N OC N NaK N ECOC N Al-rich N BB. Increased number frac-
tion of EC and KSec were correlated with the increase of odd oxygen (Ox = O3 + NO2). EC, OC, and ECOC were
enriched at higher relative humidity. The findings of this study on the mixing state, temporal variation, process-
ing, and evolution of single particles provide new insight into the atmospheric behavior and impacts of urban
particles.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Mixing state
Atmospheric process
Single particle
Chongqing
1. Introduction

Airborne particulate matter (PM) affects visibility, climate, and
human health (Pöschl, 2005). PM has a complex chemical composition
with various sources, behaviors, and impacts (Zamora et al., 2013). Un-
derstanding the size-resolved chemical mixing state of atmospheric PM
is essential to predict its health impact and to develop effective and ef-
ficient abatement strategies to abate PM (Qin et al., 2012). In addition,
size-resolved chemical mixing state information has been used to
study the climate-relevant properties of PM, such as hygroscopic
growth, ice nucleation, and cloud condensation (CCN) activities
(Corbin et al., 2012; Dall'Osto et al., 2004; Formenti et al., 2011; Healy
et al., 2014; Herich et al., 2009; Murphy et al., 2006; Su et al., 2010).

Aerosol time-of-flight mass spectrometer (ATOFMS) is a valuable
tool for investigating the size-resolved chemical composition of ambi-
ent PM, and is capable of identifying organic carbon (OC), elemental car-
bon (EC), trace metals, and ionic species with high temporal resolution
(Gard et al., 1997). ATOFMS has beenwidely usedworldwide to charac-
terize airborne particle types, mixing state, and sources (Pratt and
Prather, 2012). For example, Silva et al. (2000) studied the single parti-
cle chemical composition of soil dust from Southern California. Qin and
Prather (2006) reported size and chemical composition of individual
particles fromDecember 2000 to February 2001, and seasonal variations
in Riverside, CA (Qin et al., 2012). In Europe, urban single particle types
have been studied in Athens (Dall'osto and Harrison, 2006), London
(Dall'Osto and Harrison, 2011), Cork (Dall'Osto et al., 2013a; Healy et
al., 2009, 2010), Paris (Healy et al., 2012), and Barcelona (Dall'Osto et
al., 2013b). More recently, investigations of single particle types in Chi-
nese cities such as Beijing (Ma et al., 2016), Shanghai (Li et al., 2011;
Yang et al., 2010, 2012), Guangzhou (Bi et al., 2011; Ye et al., 2016),
Nanjing (H. Wang et al., 2015), and Xi'an (Chen et al., 2016) have
been reported, contributing to the understanding ofmixing state, chem-
ical composition, and sources at high PM2.5 concentration levels (Cao,
2014). Particle types in these cities were mainly carbonaceous particles
and dust (Chen et al., 2016). Despite the above studies, there are other
areas in China that experience severe particulate pollution but whose
particle composition is poorly understood.
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Chongqing is an inland, subtropical, and industrial city on the edge of
the Sichuan Basin, Southwestern China, with a population of 8.23 mil-
lion (National-Statistics, 2014). Summer in Chongqing is long and
among the most humid in China. Local economy has expanded rapidly
in recently years, and the particulate pollution has drawn attentions
more recently, but the knowledge of local PM chemical composition,
sources, evolution, and impacts is still limited (Ye et al., 2007).

This study aims to characterize the size-resolved chemical composi-
tion, mixing state, and the atmospheric processing of PM using a Single
Particle Aerosol Mass Spectrometer (SPAMS) in urban areas of Chong-
qing during the summertime of 2014. The investigation of urban single
particles under high temperature and humidity conditions is helpful for
understanding the atmospheric behavior and impacts of different single
particle types in the context of particulate pollution in China.
2. Methodology

2.1. Field measurement

A SPAMSwas deployed in an urban background air quality supersite
from 07/05/2014 to 08/06/2014. The supersite is located on the roof of a
commercial office building (106.51°E, 29.62°N), with a height of 30 m
above the ground, surrounded by business and residential communities.
No industry exists within 20 km around the sampling site. Meteorolog-
ical, trace gasses, and PM measurements were also conducted on site.
2.2. Instrumentation

SPAMS has been described in the literature (Li et al., 2011). Brief-
ly, single particles with a size range of 0.1–3.0 μm are focused into a
narrow beam through an aerodynamic lens and arrive at the sizing
region. In the sizing region, two separated, diode-pumped Nd:YAG
lasers (λ=532 nm) are used to determine the vacuum aerodynamic
diameter by measuring the time-of-flight of passing particles. Then a
Nd:YAG laser (266 nm, ~1mJ/pulse, 1 × 108W/cm2, UL728F11–F115,
Quantel, France) is used to desorb and ionize particles arriving at the
mass spectrometer. The resulting positive and negative ions enter
the flight tubes of the mass spectrometer and generate bipolar ion
mass spectra.

During sampling, a diffusiondrierwas connected to the SPAMS to re-
move aerosol water. The hit rate variations before, during, and after
raining was also extracted, and it changed with a range of 0–2%. PM2.5

mass was measured using a Tapered Element Oscillating Microbalance
(TEOM 1400a) with a time resolution of 1 min. Temperature, wind di-
rection, wind speed, and relative humidity (RH) were monitored from
an automatic meteorological station (Vaisala MAWS201). Ambient
NOx (NO, NO2) were monitored using a chemiluminescence nitrogen
oxides analyzer (Thermo 42i). SO2 and O3 were monitored using SO2

(Thermo 43) and O3 monitors (Thermo 49), respectively.
2.3. Data analysis

A total of 456,068 particles were collectedwith validatedmass spec-
tra (30 units above the baseline) and a hit rate range of 12–25%. The
SPAMS dataset was imported into YAADA (Yet Another Data Analyzer
Toolkit), with which single particle types were grouped. The parameter
setting for this analysiswas: learning rate 0.05, vigilance factor 0.80, and
iterations 20. The ART-2a clustering procedure generated 278 clusters,
and then these clusters were manually merged based on similar ion
mass spectra pattern, temporal trend, and size distribution (Dall'osto
and Harrison, 2006). The clusters used to describe the total SPAMS
dataset was then reduced to 11, with an unidentified group named as
Other.
3. Results and discussion

3.1. Overview

Themeasurements periodwas 07/05/2014 (mm/dd/yyyy) to 08/06/
2014. The temporal trends of temperature, RH, trace gasses, PM2.5, and
PM1.0 are shown in Fig. 1. The average temperature was 30 ± 5 °C; RH
was 60 ± 17%. The wind was mainly from the north, northeast, and
northwest (Fig. S1), with a wind speed of 1.6 ± 0.7 m s−1. The ratio of
PM1.0/PM2.5 was 0.70 ± 0.31; submicron particles were important dur-
ing summertime.

3.2. SPAMS particle type characterization

The average mass spectra of revolved particle types are shown in
Fig. 2. Ions such as carbon cluster (Cn

+/Cn
−, mass to charge ratio, m/z

±12, ±24, ±36…), potassium (m/z 39 and 41), sodium (m/z 23),
sulfate (m/z −97 and −80), and nitrate (m/z −46 and −62) were
commonly found in all particle types. The summary of single particle
types with their number fractions and chemical composition is listed
in Table 1.

BB. Themass spectra were composed of sodium (m/z 23), carbon ion
fragments, potassium, CN−, CNO−, and the presence ofm/z−45,−59,
and−71. Thesemarker ions are indicative of biomass burning particles
(Healy et al., 2010; Silva et al., 1999). The absence of K2Cl also suggests
the BB type had aged after leaving the emission plume (Silva et al.,
1999).

KSec. As a kind of aged BB particle type, it contained K+, Al+, CN−,
CNO−, sulfate, nitrate, SiO3

− (m/z −76), SiO2
− (m/z −60), and PO3

−

(m/z −79). KSec was rich in SiO3
−, which is commonly from soil parti-

cles. Based on the uptake of sulfate and nitrate and its size distribution,
KSec was more aged than the BB particle type.

Nak. NaK was strongly associated with sodium and potassium. The
negative spectrum contained carbon ion clusters, CN− CNO−, nitrate,
sulfate, SiO3

−, and phosphate. NaK was similar to the NaEC particle
type reported by Moffet et al. (2008) that was emitted from industrial
emissions/incineration/refuse burning.

Fe-rich. Fe-rich particles contained a strong iron signal (m/z 56 and
54), as well as potassium, and sodium. The absence of a strong Ca+ sig-
nal (m/z 40) indicates that the m/z 56 peak was not CaO+. Nitrate, sul-
fate, and phosphate were present in the negative spectrum. The
present of BB markers like CN− CNO−, and chloride (m/z −35 and
−37) suggested the contribution of BB particles (Sullivan et al., 2007).
Fe-rich pointed to soil dust particles from building yards and unpaved
roads that are common in some Chinese cities (Huang et al., 2014).

Ca-rich. This particle typewas characterizedwith strong calcium and
potassium peaks in the positive mass spectra. The m/z 56 signal was a
mixture of CaO+ and Fe+ because of the present of m/z 54 (Fe+). In
the negative spectrum, weak BB ion markers as described above were
also found.

Al-rich. Al+ (m/z 27), AlO+ (m/z 43), and Al2O+ (m/z 70)were found
in the positive spectrum. There are also K+/C3H3

+ peaks at m/z 39 and
associated OC ion fragments such asm/z 51, 63, and 77. These have pre-
viously been attributed to light-duty vehicle emissions (Sodeman et al.,
2005) and the combination of these peaks suggests that Al-rich particles
are associated with traffic-related road dust (Shen et al., 2016).

NaKPb. This type was characterized by a strong lead signal (m/z 206,
207, and 208), and associated peaks fromK+, Na+, Cl−, CN−, CNO−, sul-
fate, and nitrate. In China, coal burning is an important source of partic-
ulate lead (Xu et al., 2012).

CaEC. The CaEC type contained carbon clusters, potassium, calcium
(Ca+, m/z 40; m/z 57, CaOH+), C2H2

− (m/z −26), nitrate, phosphate
(m/z −79), and a minor amount of sulfate. The signal of m/z −26 was
observed, but m/z −42 (CNO−) was not found. We therefore assigned
m/z −26 to C2H2

− instead of CN− (Dall'Osto et al., 2013a). This cluster
contained heavy-duty vehicle emission markers like phosphate and
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Fig. 1.Temporal trends of temperature, relative humidity, gaseouspollutants (O3, CO, NO,NO2, SO2), PM2.5, PM1 in 1 h time resolution. The threepinkperiods indicate three rain events (R1,
R2, and R3).
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calcium, which arise from the combustion of lubricating oil (Spencer
and Prather, 2006).

EC. The ECmass spectra contained carbon clusters, K+ (m/z 39), sul-
fate, and nitrate from traffic exhaust (Healy et al., 2012).

OC. The OC particle type was characterized by abundant organic ion
fragments, including C2H3

+ (m/z 27), C2H5
+ (m/z 29), C3H+ (m/z 37),

C3H3
+ (m/z 39), C2H3O+ (m/z 43), and monoaromatic hydrocarbon

peaks like 51, 63, 77, and 91 in the positive mass spectrum. C2H− (m/z
25), C2H2

− (m/z 26), and C4H− (m/z −49) were abundant in the nega-
tive spectrum. Organic acid marker C2H5COO−/C2HO3

− (m/z −73) was
also observed (Zauscher et al., 2013).

ECOC. Carbon ions and their adjacent hydrocarbon ion fragments
were significantly pronounced in ECOC. For example, C5+ (m/z 60) was
associated with CxHy

+ fragments likem/z 61, 62, 63, and 64. This cluster
is usually from an incomplete combustion process (Moffet and Prather,
2009).

Fig. 3 shows the unscaled size distribution of single particle types
with a size bin of 0.1 μm. KSec had a fraction of 0.17 for particles with
a diameter larger than 0.70 μm. EC was the most abundant cluster in
the droplet mode (b0.7 μm). The fraction of ECOC was over 0.15 in the
size range from 0.3 to 1 μm. The fraction of BB had a ratio between
0.08 and 0.12 in all size bins, with an average of 0.11.

The mixing state is defined by the fraction of particles containing
a special ion in each particle type. The criteria for selecting ions was
referenced and adopted fromMoffet et al. (2008). As shown in Fig. 4,
over 97% of OC, ECOC, and Ca-rich were found internally mixed with
sulfate; over 90% of each single particle type had detectable nitrate.
35% of EC particles contained ammonium, which was higher than
in other particle types. The ammonium-rich EC was likely from
heavy-duty diesel trucks that were installed with selective catalytic
reduction devices to reduce NOx emissions (G. Wang et al., 2015).
These devices emit ammonium during operation. Oxalate could be
primarily emitted from biomass burning activities (Falkovich et al.,
2005), and also secondarily formed via aqueous reactions (Ervens
et al., 2011). In our results, 7% and 9% of BB and NaKPb contained
oxalate, respectively. Yang et al. (2009) also reported oxalate was in-
ternally mixed with ambient biomass burning particles in Shanghai
(China). In our result, 12% of Fe-rich particles contained oxalate.
The enrichment of oxalate was also found in mineral dust particles
that were rich in iron (Sullivan et al., 2007). C2H3O+ commonly is
used as a marker for aldehydes, ketones fragments in SOA (Ng et
al., 2011; Zhang et al., 2011), which are produced from photooxida-
tion of their gas phase precursors such as volatile organic com-
pounds (VOCs) and intermediate VOCs (Hallquist et al., 2009).
C2H3O+ (m/z 43) significantly distributed in all particle types, especially
in OC (0.92) as an ion fragment marker of SOA (Qin and Prather, 2006;
Zhang et al., 2011).

3.3. Temporal trend and average diurnal pattern analysis

Time series of SPAMS count with a time resolution of 1 h are shown
in Fig. S2. The time trend of BB was strongly correlated with OC (R =
0.81), NaK (R = 0.63), Ca-rich (R = 0.65), and ECOC (R = 0.58). OC
was also correlated with Al-rich (R = 0.68), which was a kind of fly
ash from soil dust (Silva et al., 2000). The correlations suggest Ca-rich
particles were strongly associated with biomass burning. Fe-rich, as a
typical road dust particle type (Dall'osto and Harrison, 2006), was well
correlated with EC (R = 0.77), suggesting EC was mainly from traffic
emissions (see below). Additionally, Fe-rich could also be from fly-ash
(Li et al., 2012). As expected, it had a good correlation with NaK (R =
0.58). The latter was a particle type from incineration or coal burning
(Healy et al., 2010). KSec was strongly correlated with NaK (R =
0.72), BB (R = 0.67), and OC (R = 0.57).

As shown in Fig. 5, for the number fraction of particle types, there
were no significant differences betweenweekdays and theweekend ex-
cept for EC. Inweekdays, the number fraction of ECwas 1.5 times higher
than on weekends, suggesting a higher contribution from traffic on
weekdays. However, we could not identify particle types from specific
industrial sources because the local industries kept working on
weekends.

The average diurnal patterns of RH, temperature, gasses, and num-
ber fraction of major SPAMS particle types are shown in Fig. 6. CO and
NO showed a sharp morning peak (08:00) due to traffic emissions
(Seinfeld and Pandis, 2006). O3 had a strong peak in the afternoon
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(16:00), associated with NO depletion. PM2.5 showed the evening (0:00
a.m.) and early morning (5:00 a.m.) peaks. The evening peak occurred
due to the suppression of the planetary boundary layer; a possible
reason for the latter effect will be discussed below. PM1.0 concentration
decreased with rising temperature and had a morning peak starting at
8:00 a.m. due to the morning rush hour.



Table 1
Summary of single particle types, number counts, percentage, typical chemical ions, and
possible sources in the Chongqing SPAMS dataset during summer 2014.

Cluster Count % Chemical composition Possible
sources

ECOC 68,256 20.6 K+, C±, OC (CxHy
+, CxHyOz

+), SO4
−, and NO3

− Traffic
OC 66,419 20.1 C2H2

+, C4H5
+, C3H+, C3H3

+, C2H3O+, C4H3
+ Traffic

EC 49,088 14.8 K+, C±, SO4
−, and NO3

− Traffic
KSec 44,114 13.3 CN−, CNO−, SO4

−, NO3
−, SiO3

−, and PO3
− Secondary

BB 39,247 11.9 K+, CN, CNO−, SO4
−, Cl−, and NO3

− BB
NaK 24,142 7.3 CN−, CNO−, NO3

−, SO4
−, and PO3

− BB, Coal
Al-rich 13,067 4.0 Al+, AlO+, Al2O+, OC, CN−, CNO−, SO4

−, and
NO3

−
Road dust

Fe-rich 10,715 3.2 Fe, PO3−, OC, NO3
−, and SO4

− Soil, dust
Ca-rich 4685 1.4 K+, Ca+, CaO+, SO4

−, and NO3
− Soil, dust

Other 3877 1.2 – Unknown
CaEC 5402 1.6 Ca+, C±, C2H2

−, NO3
−, and PO3

− Traffic
NaKPb 1742 0.5 Pb+, K+, Na+, Cl−, CN−, CNO−, SO4

−, and
NO3

−
Combustion
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As shown in Fig. 6e, EC started increasing at 7:00, reached the first
peak around 9:00, and peaked again around 16:00. As typical pollutants
from traffic emissions, NO and EC would normally have a strong corre-
lation in their diurnal profiles (Seinfeld and Pandis, 2006). However, in
our study, the diurnal pattern of EC was clearly not strongly coupled
with NO. NO was rapidly depleted by the increase of ozone (Seinfeld
and Pandis, 2006). OC had morning (8:00) and evening (20:00) peaks
andwas at aminimum in the afternoon. The OC diurnal profile was con-
sistent with the diurnal profiles of primary organic aerosol in aerosol
mass spectrometer studies (Zhang et al., 2011). The diurnal pattern of
ECOC was consistent with the behavior of ECOC that was reported in
Xi'an during wintertime (Chen et al., 2016). NaK and KSec had after-
noon peaks at 16:00 when ozone reached its highest concentrations,
suggesting the existence of strong inverse correlations between ozone
and these two aged groups (NaK and KSec, respectively). BB did not
show a clear diurnal trend, indicating it was a “background” particle
type that was transported to the urban area from the countryside.
Ca-rich particles were surrogates of biomass burning fly ash (see
Section 3.2) and also had an irregular diurnal profile. Fe-rich parti-
cles, pointing to a surrogate of soil dust particles, occurred with an
early morning peak (4:00–6:00) and daytime peaks (12:00 and
16:00). The daytime peak of the Fe-rich type could be associated
with building activities and resuspension from unpaved road. However,
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Fig. 3. Unscaled size-resolved number fraction of single part
according to the local traffic regulations, heavy-duty trucks were only
allowed to enter the urban area between 0:00–5:00. Thus heavy-duty
truck emissions possibly caused the morning peaks of Fe-rich, OC, EC,
and ECOC, and PM2.5.
3.4. Wet scavenging of PM: a case study

There were three rain events during the observation period, which
occurred on 07/11 (R1, 0:00 to 6:00, 6 h), 07/12 (R2, 8:00 to 23:00,
15 h), and 07/14 (R3 from 4:00 to 17:00, 13 h). These events provide in-
sight into the wet scavenging properties of different particle types. In
these episodes, hourly precipitation was between 0.1 and 0.8 mm,
with an average of 0.5 mm. Both PM2.5 and PM1.0 decreased dramatical-
ly by 30%–50% after one h rain. The average PM1.0/PM2.5 ratio was 0.60,
0.8, and 0.6 again before, in, and after rainfall (Fig. 1). Compared to
PM1.0, the supermicron PMwas more easily removed by rain. The aver-
age removal ratio of each single particle cluster, calculated as the per-
cent of hourly SPAMS number count, is summarized in Table 2. The
mean wet scavenging rate of all single particle types was ~0.50 per
hour. NaKPb particle had a wet scavenging rate of 0.67± 0.24, followed
by Fe-rich (0.60±0.12), and EC (0.58±0.09). However, the scavenging
rate of BB was 0.26 ± 0.12, similar to ECOC (0.26 ± 0.12), and Al-rich
(0.31 ± 0.22). NaKPb and Fe-rich were mainly present with larger
mean diameters (0.7 μmor higher), while BB, ECOC, and Al-rich peaked
around 0.5 μm in the unscaled size distribution. Qualitatively, the parti-
cle scavenging rate is determined by the size distribution of raindrop
and particle. The summer raindrop is supposed to be large in size,
which decreases the wet scavenging rate (Seinfeld and Pandis, 2006).
However, it also should be noted that, without the data from a particle
sizer, we were not able to scale the SPAMS count dataset to the actual
number concentration of ambient particles, thus this case study is
semi-quantitative. As an aged type with significant uptake of sulfate
and nitrate, EC had a faster scavenging rate than BB. It seems that the
solubility and hydrophilicity of particles also affects particle wet scav-
enging rate.

During raining, all hourly particle type counts remained at a low
level (usually lower than 50 count h−1), except EC and ECOC. Although
aged EC and ECOC tended to be removed by rain because they tend to be
more hydrophilic (Chen et al., 2014), freshly-emitted EC and ECOC are
hydrophobic and do not easily coagulate with or dissolve in a raindrop
(Seinfeld and Pandis, 2006).
8 9

1

2 3

)

 KSec

 EC

 ECOC

 Fe-rich

 BB

 OC

 Ca-rich

 NaK

 Al-rich

 NaKPb

 CaEC

 Other

icle types in a size bin of 0.1 μm during the observation.



KSec BB NaK OC EC CaEC ECOC Ca-rich Fe-rich Al-richNaKPb

Sulfate

Nitrate

NH4

Oxalate

C2H3O

TMA

Cl

K2Cl

+

0.8

0.6

0.4

0.2

0.0

r
F

n
oi

t
c

a

1.0

Fig. 4. Number fraction of selected ion markers associated with single particle types represented by the color scale.

89Y. Chen et al. / Atmospheric Research 187 (2017) 84–94
3.5. Effects of Ox (NO2 +O3) on the evolution of single particle types

Atmospheric aging processes of aerosols include secondary aerosol
formation via pathways such as gas/particle phase partitioning, surface
and aerosol phase reactions. These processes produce shifts inmorphol-
ogy, chemical composition, and mixing state (Cubison et al., 2011;
Donahue et al., 2012; Hallquist et al., 2009; Kroll et al., 2012; Pratt et
al., 2011). The timescale formixing of semivolatile compounds into par-
ticles is several hours, which is relevant to atmospheric transport and
diurnal cycling (Ye et al., 2016).

We use odd oxygen concentration (Ox=O3+NO2) to represent ox-
idation level (Zamora et al., 2013) to investigate its effects on single par-
ticle types. As shown in Fig. 7a, KSec and EC demonstrated increasing
trends against Ox. To examine the validation of reclassification between
different particle types, we extracted the unscaled daily average size
distribution of particle types when Ox b 100 ppb and when Ox N 100
(Fig. 8). Only ECOC and KSec had noticeably different size distributions
under different atmospheric oxidative conditions. It should be noted
that the size distribution of ECOC was not significantly different and
was still within the size range of efficient collection of the aerodynamic
lens equipped on SPAMS. We are thus confident that the different
trends were not caused by instrumental collection bias. The fraction of
EC increased by 1.8 times when the Ox concentration increased from
60 ppb to 140 ppb. As expected, primary particle types like BB, OC,
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CaEC, and OCEC were suppressed due to the removal of semi-volatile
species in particle phase (Robinson et al., 2007). When Ox was higher
than 160 ppb, the enhancement of ECOC and OC suggests some mixing
of SOA on these particle types from photochemical activities. This result
implies that odd oxygen influenced not only PMmass (Elser et al., 2016;
Sun et al., 2013) but also the number fractions of single particles. In a
previous study, we reported a unique case of stagnant meteorological
conditionswith an averagewind speed of 0.2ms−1 that minimized dis-
persion and long-range transport of PM. Under these conditions, reclas-
sification among particle types was observed (Chen et al., 2016). Moffet
and Prather (2009) reported the difference between fresh and aged soot
as a case of reclassification between particle types. In a thermal desorp-
tion study of urban particles in Shanghai, the removal of volatile and
semi-volatile species caused significant changes in the biomass burning
particle mass spectra, resulting in an aged BB particle type (Zhai et al.,
2015). The same effect of reclassification should occur among particle
types in the atmosphere.

We also extracted themean peak area information of secondary spe-
cies like sulfate, nitrate, oxalate, and C2H3O+ in the variation of Ox.
Although the peak area only semi-quantitatively represents mass con-
centration and has large uncertainties in single particle studies (Gross
et al., 2000; Healy et al., 2014), it is still able to reveal trends in second-
ary species. As shown in Fig. 7e, the peak area of sulfate and nitrate
increased as a function of Ox, especially when Ox was over 100 ppb. As
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Table 2
Scavenging rates of major single particle types in percentage per hour
per mm precipitation. The calculation for each particle type is: Δ/(Δt
precip) = Δ count / (Δt × Δ precip) × 100.

Cluster Δ/(Δt precip) (h−1 mm−1)a

NaKPb 0.61 ± 0.15
Fe-rich 0.60 ± 0.12
EC 0.58 ± 0.09
Ca-EC 0.54 ± 0.15
Ca-rich 0.51 ± 0.20
KSec 0.50 ± 0.08
OC 0.49 ± 0.16
NaK 0.43 ± 0.19
ECOC 0.36 ± 0.12
Al-rich 0.31 ± 0.22
BB 0.26 ± 0.12

a Precip stands for precipitation.
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shown in Fig. 6f, C2H3O+ was enhanced in the range of 40–80 ppb Ox,
possibly due to the water-soluble organic species uptake (Ervens et
al., 2011). The enhancing of C2H3O+ occurred when Ox was higher
than 160 ppb due to the strongly oxidative environment. Collectively,
the removal of semi-volatile species in aerosol, oxidation of organic pre-
cursors inmultiple pathways, and uptake of secondary specieswere sig-
nificant in Chongqing during summertime (Ervens et al., 2011; Hallquist
et al., 2009; Jimenez et al., 2009; Robinson et al., 2007).
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3.6. Effects of RH on the evolution of single particle types

In this section, we provide insights into the effect of RH on single
particle types (Fig. 9). RH influences the atmospheric behavior of aero-
sol in many ways. Large variations in RH during air parcel motion and
temperature oscillation can affect aerosol liquid-liquid phase separa-
tion, efflorescence, and deliquescence (Zhao et al., 2006). The shift of
RH can cause the change of aging processes of aerosol from gas-to-par-
ticle phase conversion to the heterogeneous or aqueous-phase pathway
(McNeill, 2014). Because RH has an inverse correlation with tempera-
ture in the atmosphere (Seinfeld and Pandis, 2006), the atmospheric be-
havior of species affected by temperature can show a strong correlation
with RH. For example, particle types containing semi-volatile organic
aerosol, such as OC and ECOC, showed enrichment trends with an in-
crease in RH (Fig. 9b)— but this effect could also arise from the decrease
in temperature that caused condensation and absorption of semi-vola-
tile species (Robinson et al., 2007). The number fraction of KSec was
higher than 0.25 when RH was between 30 and 40%.

Moreover, in KSec, the abundance of C2H3O+ was found. This obser-
vation suggests that dry conditions favored enhancement of KS. A sim-
ilar enrichment of KS was also found during winter haze days in Xi'an
(Chen et al., 2016). BB decreased when RH was higher than 60%. The
number fractions of EC, OC, and ECOC increased with increasing RH.
These particle types, internally mixed with organic species, would be
in the form of droplets when RH was low (Zhao et al., 2006). The
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droplets would provide a surface for multiple phase aging (McNeill,
2014). A decreasing trend of sulfate, C2H3O+ and nitrate peak area
when RH was larger than 80% is possibly due to wet or fog scavenging
of particles. However, the high RH (N80%) conditions favored the en-
richment of oxalate.

Generally, in aging process of ambient particles, the increase of RH
causes aerosol water uptake, results in the secondary aerosol formation
due to aqueous and heterogeneous reactions (Ervens et al., 2011). This
process is accompanied by removal of semi-volatile organic aerosol
(Robinson et al., 2007), leading to shifts in the number fraction of
fresh and aged particles. In an indirect way, the increasing RH enhanced
OH uptake and impacts on organic aerosol lifetimes (Slade and Knopf,
2014). The aerosol lifetime variations could also result in particle type
reclassification.

4. Conclusions

An online measurement of urban single particle types was per-
formed in Chongqing during summer of 2014 from 07/05 to 08/06.
The major particle types were mainly carbonaceous particles and
metal-rich dust. The carbonaceous particle types are mainly from
biomass/biofuel burning, traffic, and other combustion processes. The
scavenging rate for single particle clusterswas determined. The number
fraction of particle types was strongly influenced by RH and the atmo-
spheric oxidative level. Specifically, the number fraction of EC and
KSec were enhanced with the increasing of Ox due to gas/particle
phase conversion of secondary organic species. OC, EC, and ECOC were
enhanced with increasing RH. This study contributes new insight into
the characterization, mixing state, and evolution process of urban parti-
cles under high temperature and humid conditions in the context of
Chinese air pollution.
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