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Abstract. Growing evidence suggests that the size-resolved
mixing state of carbon-containing particles is very critical
in determining their optical properties, atmospheric lifetime,
and impact on the environment. However, still little is known
about the mixing state of particles in the urban area of the
Pearl River Delta (PRD) region, China. To investigate the
mixing state of submicron carbon-containing particles, mea-
surements were carried out during spring and fall periods
of 2010 using a single-particle aerosol mass spectrometer
(SPAMS). Approximately 700 000 particles for each period
were detected. This is the first report on the size-resolved
mixing state of carbon-containing particles by direct obser-
vations in the PRD region. Cluster analysis of single-particle
mass spectra was applied to identify carbon-containing par-
ticle classes. These classes represented∼ 80 % and∼ 90 %
of all the detected particles for spring and fall periods, re-
spectively. Carbon-containing particle classes mainly con-
sisted of biomass/biofuel burning particles (Biomass), or-
ganic carbon (OC), fresh elemental carbon (EC-fresh), in-
ternally mixed OC and EC (ECOC), internally mixed EC
with sulfate (EC-Sulfate), vanadium-containing ECOC (V-
ECOC), and amines-containing particles (Amine). In spring,
the top three ranked carbon-containing particle classes were
ECOC (26.1 %), Biomass (23.6 %) and OC (10 %), respec-
tively. However, the fraction of Biomass particles increased
remarkably and predominated (61.0 %), while the fraction of
ECOC (3.0 %) and V-ECOC (0.1 %) significantly decreased
in fall. To highlight the influence of monsoon on the prop-

erties of carbon-containing particles in urban Guangzhou,
their size distributions, mixing state, and aerosol acidity were
compared between spring and fall seasons. In addition, a
case study was also performed to investigate how the forma-
tion of fog and haze influenced the mixing state of carbon-
containing particles. These results could improve our under-
standing of the mixing state of carbon-containing particles,
and may also be helpful in modeling the climate forcing of
aerosol in the PRD region.

1 Introduction

Carbonaceous aerosols strongly affect the visibility and en-
ergy balance of Earth by either scattering or absorbing so-
lar radiation (Jacobson, 2001; Ramanathan and Carmichael,
2008). Acting as cloud condensation nuclei (CCN) (Sun and
Ariya, 2006; Jacobson, 2006), they also contribute to an in-
direct effect on global climate. Depending on particle size
and chemical composition, they may also cause severe health
problems (P̈oschl, 2005; Turpin and Huntzicker, 1995). Car-
bonaceous aerosols are normally divided into two major frac-
tions: organic carbon (OC) and elemental carbon (EC). OC
could be directly emitted into the atmosphere from both an-
thropogenic and natural sources, and also formed via con-
version of volatile precursors (Chung and Seinfeld, 2002; Ja-
cobson et al., 2000). Activation capability of OC might be
comparable to that of sulfate (Sun and Ariya, 2006), as a
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function of mixing state (Svenningsson et al., 2006). Gener-
ated in a variety of combustion processes (Bond et al., 2013),
EC typically represents a relatively low fraction compared to
OC in the atmosphere (Clarke et al., 2004; Yu et al., 2010).
However, it is a primary light absorption constituent and sig-
nificantly contributes to positive radiative forcing (Jacobson,
2001).

Some measurement campaigns, such as PRIDE-PRD (Pro-
gram of Regional Integrated Experiments of Air Quality over
Pearl River Delta), have been carried out in the Pearl River
Delta (PRD) region, China (e.g., Xiao et al., 2011; Zhang et
al., 2008). These studies showed that carbonaceous aerosols
represent a major fraction of submicron aerosol particles
(Chan and Yao, 2008; Andreae et al., 2008), and the at-
tenuation of light caused by carbonaceous aerosols is ex-
tremely important in the PRD region (Cheng et al., 2008;
Yu et al., 2010). Knowledge on mixing state of carbon-
containing particles is a necessary prerequisite to accurately
determine their contribution to the visibility degradation, as
well as to help gain an understanding on their roles in the
regional climate. Evidence also implies that aerosol mix-
ing state plays a critical role in controlling concentrations
of CCN in polluted urban areas (Cubison et al., 2008).
Furthermore, model prediction of number concentration of
CCN is highly sensitive to the assumed size-resolved mix-
ing state (Stroud et al., 2007). Mixing state of individual
particles is available from single-particle measurements, al-
lowing insights into sources, atmospheric processing, optical
and cloud properties of atmospheric aerosols (Prather, 2009;
Pratt and Prather, 2012). Results from worldwide measure-
ments showed large variabilities in the mixing state of car-
bonaceous aerosols, resulted from various factors (e.g., lo-
cal sources, atmospheric ageing and long-range transport).
Dall’Osto and Harrison (2012) linked OC-containing parti-
cle classes to various sources, through comparison of OC-
containing particle classes with factors resolved by positive
matrix factorization from a data set obtained by an aerosol
mass spectrometer. Healy et al. (2012) revealed the influ-
ence of the sources and long-range transport on the size-
resolved mixing state of EC-containing particles in Paris.
Moffet and Prather (2009) observed a rapid coating process
of OC and sulfate on EC cores in the polluted atmosphere of
Mexico City, which would substantially enhance the absorp-
tion capacity of EC. Qin et al. (2012) reported that carbona-
ceous particles dominantly mixed with sulfate in the sum-
mer, while in the fall mainly with nitrate, in California, due
to favorable condensation of ammonium nitrate. Over two
major aircraft campaigns in California, Cahill et al. (2012)
showed that carbonaceous particles such as biomass burn-
ing, aged soot, and OC classes represented a major fraction
of all the observed particles; and that the majority of car-
bonaceous particles were internally mixed, varied temporar-
ily, and were highly influenced by secondary species. The
authors further suggested that temporal variations of aerosol
physical and chemical properties, depending on their mix-

ing state, should be considered in predictions of their climate
impacts. However, direct observations on the size-resolved
mixing state of carbon-containing aerosol in the PRD region
or in other parts of China were limited. Yang et al. (2012)
investigated the influence of the meteorological condition on
the mixing state of carbonaceous particles in Shanghai and
showed dramatic addition of secondary species onto fresh
EC or biomass-burning particles under hazy conditions. Sim-
ilarly, Fu et al. (2012) observed four types of carbonaceous
aerosols in the Shanghai atmosphere, and found that most of
the particles were coated with secondary organic aerosols.
Based on transmission electron microscopy, Li et al. (2011b)
also found more fractions of internally mixed EC particles in
the polluted air of northern China. Single-particle soot pho-
tometer measurements revealed that the number fraction of
internally mixed EC was highly variable and could be as high
as∼ 70 % in the PRD region, while the detailed information
on mixing state is limited by this instrument (Huang et al.,
2011, 2012).

Situated in the PRD region, the atmospheric condition of
Guangzhou is under a strong influence of the Asian monsoon
system. Southwesterly to southeasterly monsoon brings rela-
tively clean air from the sea in summer and spring, and north-
easterly wind carries relatively polluted air masses across
northern cities in fall and winter. The inherent seasonality
in monsoon circulation results in dryness during fall and
winter seasons, and wetness during spring and summer sea-
sons. Herein, we applied real-time single-particle aerosol
mass spectrometer (SPAMS) measurements to reveal the ma-
jor single-particle classes of carbon-containing particles, and
to explore the seasonal variability of their number fraction
as a function of vacuum aerodynamic diameter (dva), aerosol
mixing state with secondary species, and particle acidity in
the spring and fall of 2010 as a case study, in the urban area
of the PRD region. Differences in meteorological conditions
leading to the variations in aerosol mixing states are also dis-
cussed.

2 Experiment setup and data analysis

2.1 Meteorological conditions during the sampling

Single-particle measurements were carried out nearly contin-
uously at the Guangzhou Institute of Geochemistry (GIG),
Chinese Academy of Sciences, during late spring (between
30 April and 22 May 2010), and fall (between 5–20 Novem-
ber 2010), using a SPAMS (Li et al., 2011a) developed by
Hexin Analytical Instrument Co., Ltd. (Guangzhou, China).
The measurement site was described elsewhere (Bi et al.,
2011). The ambient temperature during sampling in spring
varied between 19–33◦C, with an average of 26◦C; and av-
erage relative humidity (RH) was 81 %, ranging between
22–100 %. The ambient temperature during the fall pe-
riod was in the range of 16–38◦C, with an average of
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23◦C; and average RH was 54 % with 21 % the lowest
and 82 % the highest. Twenty four hour air mass back-
trajectory for each day (ending at 00:00 LT, local time) dur-
ing both spring and fall was calculated by the HYSPLIT
4.9 (HYbrid Single-Particle Lagrangian Integrated Trajec-
tory version 4.9) transport model (http://ready.arl.noaa.gov/
HYSPLIT.php) (Draxler and Rolph, 2012). Based on the
model, air masses from southeastern and southwestern ma-
rine regions dominated throughout the spring, while during
the fall air masses from northeastern continental areas were
prevalent, as shown in Fig. 1.

2.2 Methodology of single-particle detection and data
analysis

The particle detection method of SPAMS was described
by Li et al. (2011a). Briefly, aerosol particles are in-
troduced into SPAMS through a critical orifice, then fo-
cused and accelerated to specific velocities, which are
determined by their flight time through two continuous
diode Nd:YAG (neodymium: yttrium aluminum garnet) laser
beams (532 nm) in the sizing region. The particles are sub-
sequently desorbed/ionized by a pulsed laser (266 nm) trig-
gered exactly based on the velocity of the specific particle.
The positive and negative fragments generated are recorded
with dva.

In this study, approximately 700 000 particles for each pe-
riod, with dva ranging between 0.2 and 1.2 µm, were chem-
ically analyzed with both positive and negative ion spectra.
This amount of data should be sufficient to perform a statisti-
cal analysis, and thus to provide representative results in this
study. Particle size and mass spectra information were used
to create the peak lists with a minimum area threshold of 20
arbitrary units (background noise was generally lower than
5 units) by using TSI MS-Analyze software. The peak lists
were then imported into MATLAB (The Mathworks Inc.)
and analyzed with YAADA 2.1 (Yet Another ATOFMS Data
Analyzer; www.yaada.org). Peak identification described in
this paper corresponded to the most probable assignments for
each particular mass to charge ratio (m/z). An adaptive reso-
nance theory based neural network algorithm (ART-2a) was
applied to cluster individual particles into separate groups
based on the presence and intensity of ion peaks in individ-
ual single-particle mass spectra (Song et al., 1999) with a
vigilance factor of 0.75, learning rate of 0.05, and 20 itera-
tions. At first 250 clusters in spring and 200 clusters in fall
dominated the initially generated clusters, representing more
than 90 % of all the analyzed particles, and were manually
merged to produce 11 and 10 final particle classes based on
the spectral similarities, respectively.

Fig. 1. Daily backward air-mass trajectories reaching the urban
Guangzhou site ending at 500 m a.s.l. and 00:00 LT during spring
(black lines) and fall (purple lines) sampling periods.

2.3 Scanning mobility particle sizer with a condensation
particle counter (SMPS+ C)

Particle size distribution measurements were performed us-
ing a cylindrical scanning differential mobility analyzer up-
stream of a condensation particle counter (SMPS+ C 5.401;
GRIMM Aerosol Technik GmbH & Co. KG) during 7–21
May 2010 (Zhang et al., 2012). Size distribution readings
from SMPS+ C in the discussion section of this paper only
included the particles withdm (mobility diameter) lower than
521 nm. Particle number concentration obtained from the
collocated SMPS+ C was commonly utilized to scale the
particle number counts from SPAMS, in order to obtain an
approximately quantitative view (e.g., Reinard et al., 2007;
Bein et al., 2006; Healy et al., 2012), although it might in-
troduce an error in scaled number counts for different par-
ticle classes (Gross et al., 2006). The size-dependent hourly
scaling factors are shown in Fig. S1 from the Supplement.
It is noted that the collocated SMPS+ C was only operated
for approximately 174 h while SPAMS ran 376 h during the
spring sampling period. Thus the quantitative results men-
tioned in the following only referred to the period when the
collocated SMPS+ C was running.

3 Results and discussion

The chemical patterns of the analyzed particles were deter-
mined through the classification of particles into the dis-
tinct catalogues. As listed in Table 1, 7 out of 11 and 6
out of 10 single-particle classes during spring and fall pe-
riods, respectively, were assigned as carbon-containing par-
ticles, referring to particle classes containing OC, EC, or
their combinations (Liu et al., 2003; Bahadur et al., 2010).
Carbon-containing particles consisted of particle classes cor-
responding to biomass/biofuel burning particles (Biomass),
OC-dominant particles lacking or with negligible EC sig-
nals (OC), internally mixed OC and EC (ECOC), fresh EC
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particles (EC-fresh), EC-dominant particles mainly mixed
with sulfate (EC-Sulfate), and vanadium-containing ECOC
(V-ECOC). In addition, there was an amine-containing par-
ticle class (Amine), which was unique to the spring period.
Carbon-containing particle classes described here generally
resembled those observed by Moffet et al. (2008) in Mexico
City. Other single-particle classes, such as dust and sea salt,
were grouped together with unclassified particles as “Oth-
ers”.

Overall, the average digitized mass spectrum of carbon-
containing particles in Fig. 2 shows that 39[K]+, dual polar-
ity EC cluster ions (12[C+/−], 24[C2]+/−, 36[C3]+/−, . . .,
[Cn]+/−), as well as fragments from secondary inorganic
species of sulfate (−97[HSO4]−), nitrate (−46[NO2]− and
−62[NO3]−), and ammonium (18[NH4]+) were the domi-
nant peaks. The peak atm/z 39 may also be assigned to
an organic fragment 39[C3H3]+ (Silva and Prather, 2000),
when organics dominate in particles. Most carbon-containing
particles were internally mixed with sulfate (∼ 80 % in num-
ber) and/or nitrate (∼ 60 %), indicating some degree of at-
mospheric ageing (Toner et al., 2008). Other dominant peaks
at m/z 15[CH3]+, 27[C2H3]+, 29[C2H5]+, 37[C3H]+,
43[C2H3O]+, 51[C4H3]+, 55[C4H7]+, 57[C4H9]+ and
63[C5H3]+ were typically characteristic of signals due to
the organic fragments (Silva and Prather, 2000), while
lower fraction of the organic fragments atm/z 77[C6H5]+

and 91[C7H7]+ were also observed in the mass spectra.
The peak series atm/z 51, 63, 77 and 91 are indica-
tive of aromatic signature (Dall’Osto and Harrison, 2012;
Silva and Prather, 2000). In addition, peaks correspond-
ing to sodium (23[Na]+), calcium (40[Ca]+), and vana-
dium (51[V]+/67[VO]+) in the positive mass spectra, and
−26[CN]− and −42[CNO]− in the negative mass spectra
were also detected. The complex mixture of these particles
could be attributed to different sources and/or the extensive
processing of carbon-containing particles in the atmosphere.

3.1 Single-particle classes of carbon-containing
particles

Average positive and negative mass spectra for the carbon-
containing particle classes for the spring period are presented
in Fig. 3, while the results for the fall period were similar, as
shown in Fig. S2. A brief description of the mass spectral
characteristics of these particle classes was provided as fol-
lows.

The mass spectra of Biomass particles presented potas-
sium (39[K]+) as the highest peaks, combined with carbona-
ceous ion peaks (generated from both OC and EC), and also
K cluster ions with Cl− (113[K35

2 Cl]+/115[K37
2 Cl]+) and

with SO2−

4 (213[K32
3 SO4]+/215[K34

3 SO4]+) in relatively low
intensity, indicating the biomass origin nature of these par-
ticles (Liu et al., 2003; Pratt et al., 2011). The negative ion
markers, atm/z −45,−59, and−73 due to levoglucosan, for
biomass-burning particles were also detected in these parti-

Table 1. Summary of number count and fraction of single-particle
classes during spring and fall sampling periods.

Single particle
classes

Number count Number fraction1 Scaled
number
fraction

Spring Fall Spring Fall Spring

Biomass 164 590 436 921 23.6 % 61.0 % 13.7 %
OC 69 551 82 508 10.0 % 11.5 % 10.7 %
ECOC 181 885 21 842 26.1 % 3.0 % 4.8 %
EC-fresh 32 279 6961 4.6 % 1.0 % 13.6 %
EC-Sulfate 60 230 81 226 8.6 % 11.4 % 41.5 %
V-ECOC 12 905 885 1.9 % 0.1 % 0.8 %
Amine 23 671 –2 3.4 % – 0.6 %
Others

Sea salt
Dust-Ca
Dust-Fe
Phosphate
Silicate

151 354
30 213
26 298
20 551
1716
–

85 822
8812
–
2273
3524
2349

21.8 %
4.3 %
3.8 %
3.0 %
0.3 %
–

12.0 %
1.2 %
–
0.3 %
0.5 %
0.3 %

14.3 %

1 Number fraction was calculated through dividing the number count of
single-particle classes by the total particle count.
2 The particle class was not identified during this period.

cles although they were in low intensity (Bi et al., 2011).
Additionally, peaks corresponding to sulfate and nitrate were
commonly observed in the negative mass spectrum, which
means that Biomass particles were subjected to atmospheric
ageing and acquired a large amount of sulfate and nitrate dur-
ing transport (Pratt et al., 2011).

ECOC particles were characterized by dominant EC clus-
ter ions, intense OC signals (e.g.,m/z 27, 37, 39 and 43)
in the positive mass spectrum, and nitrate and sulfate in the
negative mass spectrum. Median peaks atm/z 51 and 63 at-
tributed to aromatic compounds were also observed. There
was another ECOC particle type: V-ECOC, which provides
a very unique mass spectrum due to strong ion peaks from
51[V]+/67[VO]+. Vanadium-containing particles have been
detected in ambient aerosols (Tolocka et al., 2004; Moffet
et al., 2008), and are attributed to residual fuel oil com-
bustion associated with sources such as ships and refineries
(Moldanov́a et al., 2009; Ault et al., 2010), and in a smaller
proportion also to vehicles exhaust (Sodeman et al., 2005;
Shields et al., 2007).

EC-fresh particles were dominated by dual polarity EC
cluster ions with really low intensity of secondary species.
It is noted that EC-fresh particles were actually not pure EC
but dominated by EC composition since EC-fresh particles
usually consisted of weak ion peaks from OC and sulfate.
The strongest signals for 23[Na]+ and 40[Ca]+ were ob-
served in this particle type. Ca-containing EC particles have
previously been detected in the exhaust of automobiles from
combusted lubricating oil (Dall’Osto et al., 2009; Spencer
et al., 2006), despite the fact that the strong intensity of K
may still indicate the biomass/biofuel origin of this particle
type. Therefore, this particle type should represent a mixture
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Fig. 2. Average digitized positive (upper) and negative (bottom) ions mass spectrum of carbon-containing particles analyzed over the spring
period, while that for the fall period was generally similar.

of fresh EC particles from these two combustion processes.
Similar to the EC-fresh, EC-Sulfate particles also comprised
of peaks from strong EC cluster ions. However, their mass
spectra were with strong sulfate signature, and weak sig-
nals from nitrate. Whilem/z −97 might also be assigned to
phosphate [H2PO4]− for particles from fresh vehicle exhaust
(Toner et al., 2006), the weak existence of fragments atm/z

−79 [PO3]− suggests the correct assignment ofm/z −97 to
[HSO4]−. These particles were also observed in urbanized
Mexico City, and they were suggested to be produced by an
oxidation of sulfur in the fuel and rapid condensation onto
the existing EC particles in the plume (Moffet and Prather,
2009).

There were two classes of OC dominant particles: OC and
Amine. Unlike ECOC particles, mass spectra of OC particles
were dominated by intense OC signals (e.g.,m/z 27, 37, 39
and 43). The intense peak corresponding to sulfate was also
observed in these particles. Amine particles showed distinct
ion peak atm/z +59 ([N(CH3)3]+), which was assigned to
trimethylamine (Angelino et al., 2001; Rehbein et al., 2011).
This particle type was exclusively observed during the spring
period and significantly enhanced through fog processing as
previously reported by our group and the others (Zhang et
al., 2012; Rehbein et al., 2011). The relatively less humid
air condition (RH 54 %) during the fall period was proba-
bly responsible for the missing of Amine particles, since the
aerosol water evidentially seemed to be the dominant factor
to control the gas-to-particle conversion of trimethylamine
(Rehbein et al., 2011).

3.2 Seasonal variations of carbon-containing particles

Table 1 lists the number fraction of carbon-containing classes
calculated based on the unscaled particle number count,
with the scaled result during the spring period. Although
the unscaled number fractions only provided indicative re-
sults instead of quantitative ones, the differences can still
be seen between spring and fall. During the spring period,
the top three carbon-containing particle classes were ECOC
(26.1 %), Biomass (23.6 %) and OC (10 %), respectively.
EC-Sulfate (8.6 %) showed a moderate contribution, and the
last three classes were EC-fresh (4.6 %), Amine (3.4 %) and
V-ECOC (1.9 %). During the fall period, the fraction of
Biomass particles increased considerably and became pre-
dominant (61.0 %); however, the fraction of V-ECOC (0.1 %)
and ECOC (3.0 %) significantly decreased, and Amine parti-
cles were nearly absent during this period.

Considerable increase of Biomass particles suggests the
significant influence from regional biomass-burning activi-
ties on the ambient air quality of urban Guangzhou during
the fall period. A fire-dot map (Fig. S3), obtained from the
Moderate Resolution Imaging Spectroradiometer (MODIS)
on board the Terra and Aqua satellites over a 10 day period,
showed that fire dots in the northeast of Guangzhou were in-
tense during this period, and that air parcels through these ar-
eas brought in a large amount of biomass-burning particles.
The result is consistent with that derived from other studies
during the PRIDE-PRD 2004 campaign, which concluded
that inputs from biomass burning to Guangzhou are preva-
lent during the dry northeast monsoon period (Gnauk et al.,
2008; Hagler et al., 2006). Through measurements during the

www.atmos-chem-phys.net/13/4723/2013/ Atmos. Chem. Phys., 13, 4723–4735, 2013
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Fig. 3. Averaged positive and negative mass spectra for the 7 single-particle classes (Biomass, ECOC, OC, EC-fresh, EC-Sulfate, V-ECOC,
and Amine) observed during the whole sampling period in spring.

PRIDE-PRD 2006 campaign, Zhang et al. (2010) also sug-
gested a significant impact of biomass-burning activities in
neighboring and/or rural regions on ambient aerosol levels of
urban areas in the PRD region, where local sources were lim-
ited. Although there were also many fire dots in the neighbor-
ing regions during the spring period, the dominant air masses
from oceanic areas and the relatively abundant precipitation
resulted in minimizing the influence of biomass-burning par-
ticles from regional transport. With dissimilarity to Biomass
particles, V-ECOC particles were rarely detected during the
fall period (0.1 %) compared to those during the spring pe-
riod (1.9 %), which can be interpreted by the fact that the air
masses originated from marine areas were prevalent during
the spring period and because ship emissions are suspected
to be a dominant source for V-ECOC. Higher fractions of
V-ECOC and sea-salt particle classes (Table 1) during the
spring period accords with this air-mass history. Consider-
ing a more stagnant meteorological condition during the fall
should facilitate the formation of SOA (secondary organic
aerosol) on particle cores like EC (Tan et al., 2009), the sig-
nificant decrease in number fraction of ECOC was unex-
pected and the reason behind this was unclear. With regard
to a discussion in the next section, the difference was likely
the size distribution of EC-Sulfate between spring and fall
seasons.

3.2.1 Chemically resolved size distribution

Figure 4 shows the size-resolved number fraction of single-
particle classes, which was highly variable withdva. For ex-

ample, during the spring period, EC-fresh and EC-Sulfate
particles dominated in the size range of 0.2–0.3 µm, together
accounting for 72 % in this size range, while less than 13 %
in the size range of 0.4–1.2 µm. The most abundant of EC-
Sulfate in the smaller particles might indicate a predominant
role of sulfuric acid in the processing of EC (Khalizov et al.,
2009). A dominant number fraction of EC was found from
the fresh vehicle exhausts in the submicron range (Shields
et al., 2007) and ultrafine size ranges (< 0.2 µm) (Sodeman
et al., 2005). OC and ECOC classes were of minor fraction
(less than 3 %) in the size range of 0.2–0.3 µm, implying that
EC and OC were more externally mixed in the smaller parti-
cles.

The chemical pattern during spring period changed sub-
stantially from the smaller (0.2–0.4 µm) to the larger parti-
cles (0.4–1.2 µm) (Fig. 4a). The number fractions of EC-fresh
and EC-Sulfate presented a similar pattern as a function of
dva. They decreased dramatically, while the OC and ECOC
classes increased considerably from the smaller to the larger
particles. Increased ECOC in the larger particles might be
caused by ageing of EC-fresh and EC-Sulfate in the smaller
particles through the condensation of semi-volatile species
(e.g., ammonium, nitrate and organics) and/or hygroscopic
growth, when considering the internal mixing with sulfuric
acid dominating the initial ageing processes (Khalizov et al.,
2009). Once emitted into the air, the irregular geometry and
complex microstructure of EC may provide the active sites
for further ageing (Decesari et al., 2002).

The major differences of size-fraction distributions be-
tween spring and fall were the Biomass particles, with the
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Fig. 4. Size-resolved number fractions of single-particle classes for
the(a) spring and(b) fall periods.

number fraction larger during the fall than the spring, over
the whole size range. In addition, a difference was also pro-
duced from the mass spectral characteristics of Biomass par-
ticles between spring and fall. It is observed that the rela-
tive intensity of the secondary species (i.e., ammonium (m/z

18), organics (m/z 43), nitrate (m/z −62) and sulfate (m/z

−97)) increased from the smaller to the larger Biomass par-
ticles during both periods. The increase of these species was
much stronger during the fall than the spring, particularly ni-
trate and sulfate (Fig. S4). This might further support that the
emission of Biomass particles were more likely to be from
the local and nearby sources during the spring period, while
larger contribution of regional and/or long-range transport
was expected in the fall period, as discussed above. Aerosols
from regional or long-range transport should experience suf-
ficient ageing processes, typically via addition of secondary
species like sulfate and nitrate (Johnson et al., 2005; Roldin
et al., 2011), which lead to the growth of particles. Addition-
ally, the number fraction of EC-Sulfate generally increased
in the size range of 0.3–1.2 µm withdva during the fall pe-
riod (Fig. 4b), which did not happen during the spring period.
These particles also contained a much greater and intense K+

peak during the fall than the spring, and their temporal trend
also highly correlated to that of Biomass particles (r = 0.75,
p < 0.001). The results indicate considerable contribution of
the biomass burning to EC-Sulfate particles from regional

and/or long-range transport, which would lead to larger EC-
Sulfate particles during the fall period.

The different size distribution pattern of EC-Sulfate parti-
cles may contribute to the difference between number frac-
tions of ECOC. It is obvious that the number fraction of EC-
Sulfate particles in the size range of 0.2–0.4 µm was higher
in the spring. Generally, the smaller-particle number concen-
tration was much higher than the larger particles as measured
by SMPS+ C. Thus a large number of EC-Sulfate particles
in the smaller particles would provide sufficient EC cores for
the ECOC formation, which might lead to an increase in the
number fraction of ECOC type in the spring.

3.2.2 Mixing state

The mixing state of carbon-containing particle classes with
the secondary species was also explored. The presence of
secondary species on the various carbon-containing particle
classes provides an indication of chemical processes. Mark-
ers (i.e.,m/z 18, −62 and−97) were selected to represent
secondary inorganic species. The peak atm/z 43, is selected
to reflect secondary organic species, which could be formed
by oxidation reactions and gas-to-particle conversion of or-
ganic species (Moffet and Prather, 2009).

Figure 5 displays the mixing state of secondary markers
on the carbon-containing particle classes. The larger amount
of ammonium was observed during the fall period, and was
attributed to the northeastern air masses from agricultural ar-
eas. The enhanced fractions of sulfate and oxidized organics
were also found in carbon-containing particles. More radi-
ation during the fall period might be favorable for the pro-
duction of sulfate and oxidized organics through the photo-
chemical reactions (Xiao et al., 2009), which is uncommon
during the rainy spring. Intense biomass-burning activities
during the fall period might have also contributed to emission
of their precursors. However, the number fraction of nitrate
of the carbon-containing particle classes was smaller during
the fall period. The decrease of nitrate was probably due to
the relatively dry air (Hu et al., 2008) and the reduction of
its gaseous precursors mainly emitted from the local traffic
and industry (Wang et al., 2008), as a result of an air quality
guarantee program during the Asian Games in Guangzhou
between 1 November and 20 December 2010, when half of
the motor vehicles were off the road and many industrial fa-
cilities were shutdown.

3.2.3 Variation of particle acidity

Here we adopted the relative acidity ratio (Rra), defined
by Denkenberger et al. (2007) as a sum of the absolute
average-peak-areas of nitrate (m/z −62) and sulfate (m/z

−97) divided by that of ammonium (m/z 18), to represent
the aerosol acidity. Although it does not provide the quanti-
tative information on particle acidity, it might still be indica-
tive. The dependence ofRra on dva was presented in Fig. 6
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Fig. 5. Mixing state of secondary markers with the various carbon-
containing particle classes. The color dots represent the number
fraction of particle classes (y-axis) that contained the secondary
makers (x-axis).

for the spring and fall periods, respectively. In general,Rra
decreased from the smaller to larger particles for the carbon-
containing particle classes.Rra were larger during the spring,
consistent with the higher fraction of ammonium causing low
acidity of the particles in the fall. The higher relative acidity
ratio of EC-fresh in the smaller particles suggested a rapid
condensation of sulfuric acid onto the EC surface. Although
with low intensity, more than 50 % of EC-fresh particles were
found to contain the sulfate signals. It is worthy to note that
the EC-Sulfate particles contained a low fraction of ammo-
nium (35 %) and nitrate (35 %), compared to sulfate (97 %),
as shown in Fig. 5. This implies that a certain fraction of sul-
fate might exist in the form of sulfuric acid rather than am-
monium bisulfate and/or ammonium sulfate salts, despite of
low efficiency of ammonium due to a laser ionization (Gross
et al., 2000).

3.3 Case study of carbon-containing particles under
specific meteorological conditions

Carbon-containing particles during typical periods in the
spring and fall were further investigated to highlight the in-
fluence of meteorological conditions. Figure 7 shows the
hourly scaled number concentration of single-particle classes
in the size range of 0.2–0.95 µm during 19–22 May 2010
of the spring period, when typical weather conditions (i.e.,
rain, fog and cloudy as marked) were observed. Rain gen-
erally reduced the particle number concentration through
wet deposition. A significant scavenge of particles was ob-
tained during a heavy rain as marked at midday on 21 May,
with the number concentration decreasing from∼ 1.7× 104

to ∼ 0.5× 104 cm−3. During the foggy episode, the parti-
cle number concentration increased predominantly as a re-
sult of the relatively stagnant meteorological condition, and
also probably the contribution from the growth of smaller
particles to fit within the detectable size range of SPAMS.

Fig. 6. Relative acidity ratio of each single-particle class as a func-
tion of dva for (a) spring and(b) fall periods, respectively.

The foggy episode was identified with the ambient relative
humidity exceeding 90 % and the fog processing marker hy-
droxymethanesulfonate (Munger et al., 1986; Whiteaker and
Prather, 2003), the details can be found elsewhere (Zhang et
al., 2012).

The fog processing is also expected to influence the chem-
istry of aerosols. The difference between mass spectra of
carbon-containing particle classes before and after the foggy
episode is illustrated in Fig. 8. Through the fog process-
ing, OC, ECOC, V-ECOC and EC-Sulfate were generally
enhanced with the secondary inorganic species (sulfate, ni-
trate and/or ammonium). The enhanced secondary inorganic
species in aerosols were commonly observed throughout the
foggy episodes (Biswas et al., 2008; Safai et al., 2008).
However, the EC-fresh and Biomass particles were proba-
bly freshly emitted more during the episode, so there was
no obvious variation of the secondary species in their mass
spectra.

During the fall period, two severe hazy episodes were
identified on the 5–6 and 15–17 November 2010, with atmo-
spheric visibility as low as 1.7 and 4 km for Haze 1 and Haze
2, respectively. Similar to that observed during the foggy
episodes, the relative intensity of secondary species gener-
ally showed an increase from the cloudy to the hazy days
(see Fig. 9). The results in this study are consistent with
our previous off-line filter measurements conducted in urban
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Fig. 7.Temporal profile of the scaled number concentration for each single-particle class during 19–22 May 2010.

Fig. 8.Difference between mass spectra for carbon-containing particle classes before and after a foggy episode, calculated by subtracting the
average peak areas of each single-particle type before the foggy episode from those after the episode.

Guangzhou (Tan et al., 2009), in which the secondary species
were found considerably enhanced on the hazy days.

4 Conclusions

In this study, we provide a case study of size-resolved mix-
ing state characteristic of carbon-containing particles in ur-
ban Guangzhou during the spring and fall periods of 2010.
The carbon-containing particles were the dominant particles
in the submicron size range (0.2–1.2 µm in the present study),
and were the general characteristic of the distinct single-
particle classes (Biomass, OC, ECOC, EC-fresh, EC-Sulfate,
V-ECOC and Amine). The spring–fall contrast in prevailing
air-mass transport and also meteorological conditions may be

associated with the seasonal variations of chemical pattern,
size distribution, mixing state, and aerosol acidity of carbon-
containing particles in the urban area of the PRD region.

During the spring period, air masses from the marine
region predominated, which impacted the ambient atmo-
sphere in urban Guangzhou with more V-ECOC and sea
salt particles. The persistent northeast monsoon during the
fall period brought pollutants emitted from the potential
source regions in the southeastern China, resulting in sig-
nificant contribution from the Biomass particles. The rela-
tive number fractions of carbon-containing particle classes
were strongly variable withdva. A high amount of fresh EC
particles (i.e., externally mixed) and extensively mixed EC
with sulfate were obtained in the size range of 0.2–0.4 µm,
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Fig. 9. Relative intensities of secondary species on each carbon-
containing particle class during cloudy and hazy periods in fall.

particularly during the spring period. The mixing state of
carbon-containing particle classes also varied substantially
from the spring to fall. Enhanced sulfate and oxidized or-
ganics were found in carbon-containing particles during the
fall period. Air masses from the northeastern agricultural
areas imported a large amount of ammonia into the urban
Guangzhou, leading to more frequent appearance and strong
intensity of ammonium traces in individual particles during
the fall season, which might have an influence on the par-
ticle acidity. The case study, under the specific meteorolog-
ical conditions, also showed that foggy and hazy episodes
were involved in the processing of carbon-containing parti-
cles, with the addition of secondary species on various par-
ticle classes. These results, by direct single-particle observa-
tion, provide a reference of mixing state for calculating light
extinction, or even modeling the climate forcing of aerosol in
the PRD region, with an improvement of validity. They might
also help to identify the source and to reveal the atmospheric
processes of carbon-containing particles in the PRD region.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/13/
4723/2013/acp-13-4723-2013-supplement.pdf.
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