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� Secondary compositions associated with EC were observed with SPAMS in real time.
� EC-containing particles accounted for w33% (21e50%), of total analyzed particles.
� EC was internally mixed with sulfate (97.4%), nitrate (89.5%), and ammonium (80%).
� Distinct diurnal cycle of the EC mixing state in condensation mode was observed.
� Photochemical aging may contribute to growth of smaller EC-containing particles.
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a b s t r a c t

The mixing state of elemental carbon (EC) with secondary species has been highlighted as a major
uncertainty in assessing its climate impact. However, the extent to which secondary coatings are
present on EC and the underlying processes remained poorly understood in China, where there is a
high loading of EC produced from extensive usage of fossil fuels and biomass. A single particle aerosol
mass spectrometer (SPAMS) was applied to detect the chemical compositions associated with EC at the
Guangdong Atmospheric Supersite, China. Efforts were made to track the variation of secondary
coatings on EC. It is the first report on the direct observation of secondary compositions associated
with EC with high time resolution in China. The hourly average number of EC-containing particles
accounted for w33% (21e50%) of total analyzed particles over the sampling period. EC was found to be
extensively internally mixed with sulfate (97.4% in number), nitrate (89.5%), oxidized organics (69.6%),
and/or ammonium (80%). The results also indicate that secondary processing on EC in condensation
(0.2e0.5 mm) and droplet (0.7e1.1 mm) modes is different. Active photochemical formation of oxidized
organics and ammonium sulfate during daytime, and formation of ammonium nitrate during night-
time led to a distinct diurnal circle of mixing state of EC in the condensation mode. However, the
photochemical aging may have limited or negligible influence on the mixing state and growth of EC in
the droplet mode. These findings improve the understanding of the evolution of physicochemical
properties of EC, and may help to model its climate impact.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Aerosols represent the largest uncertainty in estimating radia-
tive forcing of atmospheric species, through strongly affecting the
energy balance of the Earth by scattering and/or absorbing solar
radiation (Pöschl, 2005), and influencing cloud formation (Jacobson,
2006). Generated exclusively by incomplete combustion of fossil
fuel and biomass, elemental carbon (EC) represents a substantially
important fraction of atmospheric aerosols (Chan and Yao, 2008)
and imposes a strong positive forcing to the global climate. Recent
studies suggested that EC may have a warming potential second
only to CO2 (e.g., Ramanathan and Carmichael, 2008).

mailto:bixh@gig.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosenv.2014.04.018&domain=pdf
www.sciencedirect.com/science/journal/13522310
www.elsevier.com/locate/atmosenv
http://dx.doi.org/10.1016/j.atmosenv.2014.04.018
http://dx.doi.org/10.1016/j.atmosenv.2014.04.018
http://dx.doi.org/10.1016/j.atmosenv.2014.04.018


G. Zhang et al. / Atmospheric Environment 92 (2014) 162e170 163
Many studies have demonstrated that optical properties of EC
are sensitive to their physical (e.g., size and morphology) and
chemical (e.g., composition, mixing state) properties (Moffet and
Prather, 2009). While freshly emitted EC may contain limited
coating, atmospheric aging such as coagulation with other parti-
cles, condensation of vapors, and in-cloud processing could cause
EC to internally mix with other chemical species (e.g., Moffet and
Prather, 2009). Cappa et al. (2012) and Lan et al. (2013) had
observed a limited enhancement due to themixing state of ambient
EC, however, other studies confirmed the enhancement effect of
internally mixing under various conditions (Wei et al., 2013; Zhang
et al., 2008). The internally mixing can result in enhanced ab-
sorption by nearly 2-fold and scattering capacity by approximately
10-fold at 80% relative humidity (RH) relative to fresh particles
(Zhang et al., 2008).

The mixing state of individual EC particles is very complex and
constantly changing in the atmosphere. Advances in on-line
instrumentation have provided a direct measurement of size-
resolved mixing state, and thus this could help to track the evo-
lution of chemical compositions and their influence on the optical
properties of aerosols with high time resolution. Volatility Tan-
dem Differential Mobility Analyzer (VTDMA) and Single Particle
Soot Photometer (SP2) can obtain the information on mixing state
of refractory black carbon (rBC), in addition to mass quantification
(Schwarz et al., 2006). Through the application of VTDMA, Cheng
et al. (2009) observed significantly enhanced light scattering and
absorption capacity of rBC due to the secondary processing of rBC
in a polluted region of China. With a SP2, the rBC in the Pearl
River Delta (PRD) region of China was also frequently found to be
internally mixed with non-refractory materials (Huang et al.,
2011, 2012). However, these measurements are based on the
thermo or optical methods and thus they do not provide any
chemical information. Single particle mass spectrometry (SPMS)
can provides the details of chemical composition measurements
for single particles, including EC (e.g., Cahill et al., 2012; Pratt and
Prather, 2012 and references therein; Zauscher et al., 2013). For
example, Moffet and Prather (2009) observed a rapid coating
process of organic carbon (OC) and sulfate on the EC core and
assessed the related absorption enhancement in the polluted at-
mosphere of the Mexico city. Healy et al. (2012) found that the
mixing state of EC-containing particles showed dependency on
vacuum aerodynamic diameter (dva), with smaller particles
(dva � 0.4 mm) mainly externally mixed and larger particles
(dva > 0.4 mm) mainly internally mixed, influenced by sources and
transport. Cahill et al. (2012) showed that majority of soot is
internally mixed and temporally varied. The term EC is used
herein, instead of BC or soot since the SPMS uses mass spec-
trometry as method of detection, rather than light absorption. The
definitions of EC and BC have been discussed in details elsewhere
(Bond and Bergstrom, 2006).

Previous studies demonstrated an important role of EC in at-
mospheric light extinction in the PRD region (e.g., Yu et al., 2010).
However, the aerosol measurements of EC in China reported so
far have been primarily based on bulk techniques (Wu et al.,
2012) that could not provide sufficient information on composi-
tions of EC-containing particles, including the coating materials
at single particle level. The details of coating materials and their
influence on the physicochemical properties of EC are still very
limited in China. Additionally, the mechanisms governing trans-
formation of EC from being externally to internally mixed are also
unclear. In this study, both dva and chemical compositions of
ambient aerosols with high-time resolution in the PRD region,
China were analyzed by a Single Particle Aerosol Mass Spec-
trometer (SPAMS) in order to improve the understanding on at-
mospheric aging processes of EC. EC-containing particles
analyzed by SPAMS were in the size range of 0.2e1.2 mm, which is
consistent with the dominant fraction of EC mass in the atmo-
sphere of the PRD region (Huang et al., 2011, 2012). Variations of
the most abundant secondary species (i.e., sulfate, organics,
ammonium, and nitrate) associated with EC as a function of dva,
and also their diurnal trends are discussed.

2. Methods

2.1. Sampling site and ambient observation

Ambient measurements were conducted at Guangdong Atmo-
spheric Supersite (22.73N, 112.93E), a suburban site of Heshan city
in the PRD region, surrounded mainly by farm land (Fig. S1 in
Supplementary material (SM)). The site is located on a hill with
an elevation of 60 m, approximately 80 and 50 km downwind site
to Guangzhou and Foshan, respectively, and both cities are densely
industrial areas. A sampling inlet was set up on a building at
approximately 15 m above the ground level. Continuous SPAMS
measurements lasted approximately for 10 days, from 21st
November to 1st December 2010. The details of single particle
detection method can be found in the SM.

2.2. Data analysis procedure

A total of approximately 1,500,000 particles, with dva in the size
range of 0.2e1.2 mm, were chemically analyzed with both positive
and negative ion spectra. Particles sizes and mass spectra were
imported into MATLAB (The Mathworks Inc.) and further analyzed
with YAADA (www.yaada.org), a MATLAB-based software toolkit
for processing single-particle mass spectra. Single particles clus-
tering was performed with adaptive resonance theory based neural
network algorithm (ART-2a) (Song et al., 1999), based on the
presence and intensities of ion peaks in individual mass spectra.
Parameters applied in the algorithm were set as 0.7 (vigilance
factor), 0.05 (learning rate), and 20 (iterations). The first 400 hun-
dred of all clusters (2182) generated by ART-2a, accounting for
w95% of all analyzed particles, were further manually combined
into 11 single particle types.

3. Results and discussion

3.1. Meteorological conditions and pollution level

Fig. 1 shows real-time (in 1 h resolution) meteorological data,
including ambient temperature (Temp), RH and wind speed (WS),
and concentrations of gaseous pollutants (SO2, NOx, and O3), BC and
PM2.5. Ambient Temp and RH during the field study generally var-
ied between 12 and 26 �C and 45e95%, with an average of 19 �C and
69%, respectively. BC, CO, and PM2.5 similarly exhibited pronounced
diurnal variation, with two major peaks during morning (8:00e
10:00, local time) and night hours (19:00e23:00). The concentra-
tions of BC and PM2.5 varied in the ranges of 2.9e13.8 and 23.5e
145.2 mg m�3, with mean values of 8.2 and 74.6 mg m�3, respec-
tively. Their diurnal trend was likely associated with variations of
traffic emission, wind speed and boundary layer. Relatively strong
wind and higher boundary layer diffused the pollutions and
eventually led to lower pollution levels during the daytime, how-
ever, light wind enhanced pollution in a thinner boundary layer
after sunset (Fan et al., 2008, 2011). The meteorological conditions
during the nighttime facilitated the accumulation of pollutants,
with frequently observed high level of PM2.5 (>75 mg m�3). Ac-
cording to back-trajectory analysis (more details can be found in the
SM), air masses from northeastern continental areas dominated
over the sampling period. Many short and circled back trajectories
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Fig. 1. Temporal profiles (in 1 h resolution) of PM2.5 and BC mass concentrations, gaseous pollutants (SO2, NOx, and O3, CO) and selected meteorological parameters (temperature
(Temp)), relative humidity (RH), wind direction (WD), and wind speed (WS), provided by Guangdong Environmental Monitoring Center (http://www.gdemc.gov.cn/) during 11/21e
12/02, 2010. The concentrations of PM2.5 and BC were continuously measured using a tapered element oscillating microbalance (TEOM 1405, Thermo Scientific) and a Multiangle
Absorption Photometer (Model 5012, Thermo Scientific) co-located at the site, respectively.
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were observed (Fig. S2), which implies that air pollution was
strongly influenced by regional processes.

3.2. General characteristics of EC-containing particles

The particle types with their number fractions throughout the
sampling period are listed in Table S1, and their average mass
spectra are shown in Fig. S3. EC-containing particles are defined as
combination of ECOC and EC particle types that contained intense
ion signals from EC. Representative ion peaks for EC-containing
particles, as presented in Fig. 2, are EC cluster ions (e.g., m/z �12
[C]þ/�, �36[C3]þ/�, �48[C4]þ/� and �60[C5]þ/�), OC fragments (m/z
27[C2H3]þ, 29[C2H5]þ, 37[C3H]þ, and 43[C2H3O]þ), and secondary
inorganic species (SIS), such as sulfate (�97[HSO4]�, �80[SO3]�),
nitrate (�62[HNO3]�, �46[NO2]�), and ammonium (18[NH4]þ). An
occurrence of intense 39[K]þ ion peak associated with ion peaks
due to �26[CN]� and �42[CNO]� indicates the contribution of
biomass/biofuel burning (e.g., Bi et al., 2011; Pratt et al., 2011; Silva
et al., 1999). There are also some other metallic species such as 23
[Na]þ, 51[V]þ/67[VO] þ, 56[Fe]þ and 206e208[Pb]þ.

The hourly average number of EC-containing particles accoun-
ted for w33% (21e50%) of the total analyzed particles. The EC-
containing particles were also observed at a high number fraction
(>30%) in other regions over the world (Cahill et al., 2012; Fu et al.,
2012; Hasegawa and Ohta, 2002). It is noted that this is a conser-
vative estimation since minor fraction of EC may still associate with
other particle types (e.g., Biomass particles in Fig. S3). It is due to
interference of other species which are highly sensitive to the laser
beam and thus generated suppressive ion peaks, such as potassium
in Biomass particles (Gross et al., 2000). On average, the number
fraction of EC-containing particles (NfEC, relative to total analyzed
particles in the same size range throughout the study) was highly
variable with dva (Table 1). It represented the dominant fraction
(w70%) in the size range of 0.2e0.3 mm, and decreased tow30% for
larger particles (>0.5 mm). The distribution pattern is generally
consistent with our previous study conducted in an urban area of
the PRD region (Zhang et al., 2013a).

According to a correlation analysis of the temporal variation (in
1-h resolution) of number count in 0.1 mmwidth, as listed in Table 1,
condensation (dva ¼ 0.2e0.5 mm) (Group 1) and droplet modes
(dva ¼ 0.7e1.1 mm) (Group 3) of EC were extracted, which repre-
sented the typical modes distribution of EC mass in the PRD region
(Huang and Yu, 2008). The number count of EC-containing particles
in eachmode correlatedwith each other (r> 0.6, p< 0.001), but the
correlation between the groups was weak. The remaining group
(Group 2) located in dva ¼ 0.5e0.7 mm was supposed to be an
intersection of these two modes, and therefore was not included in
the discussion. Presence of the condensation mode is consistent
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Fig. 2. A digital color stack for the positive (upper) and negative (bottom) mass spectra of EC-containing particles, showing the fraction of particles containing a specific peak on the
y-axis versus mass-to-charge on the x-axis. The color represents the fraction in a specific range of peak areas.

Table 1
Size-resolved number count, and fraction of EC-containing particles, relative to total analyzed particles of the same size range, and correlation analysis of the temporal variation
of EC in each size bin (in 100 nm resolution) throughout the entire field study.

BC ECa Group 1 ECc Group 2 EC Group 3 EC

[0.2e0.3]b [0.3e0.4] [0.4e0.5] [0.5e0.6] [0.6e0.7] [0.7e0.8] [0.8e0.9] [0.9e1.0] [1.0e1.1] [1.1e1.2]

BC
EC �0.08
[0.2e0.3] 0.54 0.08
[0.3e0.4] 0.60 0.06 0.79
[0.4e0.5] 0.60 0.24 0.59 0.65
[0.5e0.6] �0.10 0.91 �0.07 �0.11 0.15
[0.6e0.7] �0.43 0.66 �0.17 �0.24 �0.33 0.51
[0.7e0.8] �0.34 0.29 �0.17 �0.21 �0.41 0.07 0.79
[0.8e0.9] �0.27 0.15 �0.15 �0.18 �0.41 �0.05 0.69 0.92
[0.9e1.0] �0.19 0.11 �0.10 �0.14 �0.35 �0.09 0.59 0.85 0.87
[1.0e1.1] �0.09 0.03 �0.09 �0.09 �0.31 �0.17 0.50 0.80 0.80 0.79
[1.1e1.2] 0.01 0.00 �0.02 �0.03 �0.26 �0.18 0.40 0.67 0.67 0.66 0.78
Count (#) 553,826 4471 10,700 139,238 260,855 92,532 29,602 10,028 3976 1672 752
NfEC 0.67 0.48 0.33 0.32 0.31 0.32 0.31 0.31 0.29 0.26

a The number of all the EC-containing particles.
b The number of EC-containing particles in each size bin.
c The groups of EC-containing particles were assigned according to the results from correlation analysis. The font types indicate different groups for EC-containing particles

in different size ranges.
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with the size distribution of EC in a roadway tunnel in this region,
representing a relatively fresh emission (Huang and Yu, 2008;
Huang et al., 2006). Through theoretical analysis, Huang and Yu
(2008) suggested that in-cloud processing is a main reason for
the presence of EC in the droplet mode, rather than coagulation,
vapor condensation and/or hygroscopic growth in the PRD region.
Study in this region also revealed that urban EC had a dominant
condensation mode and a less abundant droplet mode, while the
suburban/rural EC had a prominent mode in the droplet mode, due
to the growth of smaller particles when the air mass moved from
the urban source regions to the suburban/rural site (Yu et al., 2010).
In Paris, Healy et al. (2012) showed that EC in the droplet mode,



Fig. 3. Diurnal variation of RPAs of secondary species associated with EC-containing particles in the condensation (upper) and droplet modes (bottom). The light pink cover in-
dicates the standard deviation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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dominated by aged, internally mixed particles, associated with
continental transport events. However, temporal variation of EC-
containing particles in the condensation mode closely tracked
that of BC (r ¼ 0.64, p < 0.001), indicating that condensation mode
EC represents a major fraction of BC at the site.
Fig. 4. Diurnal variation of SO2 and RPA of sulfate on EC-containing particles (upper),
and correlation between them (bottom). The triangles were plotted as RPA of sulfate
versus SO2, while the circles as RPA of sulfate versus SO2 with 5 h delay, and the
coloration indicates the concentration of O3.
3.3. Diurnal variation of secondary coatings

Despite of matrix effects on the laser desorption/ionization for
SPAMS, advances have been made in quantifying individual
chemical species, either through multivariate analysis or by
applying peak intensities for specific ions (e.g., Healy et al., 2013;
Jeong et al., 2011; Xing et al., 2011). Relative peak area (RPA),
defined as the peak area of each m/z divided by the total dual ion
mass spectral peak area, is related to the relative amount of a
species on a particle. Compared to absolute peak area, RPA was
commonly applied because it is less sensitive to the variability in
ion intensities associated with particleelaser interactions (Gross
et al., 2000). The EC particles were found to be extensively inter-
nally mixed with detectable sulfate (97.4%), nitrate (89.5%),
oxidized organics (69.6%), and/or ammonium (80%) (Fig. 2),
indicative of the aging state for EC. Observation in California
revealed that majority of EC-containing particles are internally
mixed and are heavily influenced by secondary species (Cahill
et al., 2012), primarily with secondary (oxidized) organic carbon
and sulfate in the summer; whereas in the fall, they were mixed
mostly with ammonium nitrate (Qin et al., 2012). The different
mixing state of EC in this study can be attributed to various rea-
sons (e.g., source and atmospheric processes). These results reveal
that hydrophobic EC was commonly coated and/or coagulated
with hygroscopic secondary materials in the atmosphere of the
PRD region, which is consistent with previous studies in the same
region (Zhang et al., 2013a), Yangtze River Delta region (Huang
et al., 2013), northern China (Li et al., 2011) and Mexico city
(Adachi and Buseck, 2008; Moffet and Prather, 2009). These hy-
groscopic coatings on EC particles can amplify their light absorp-
tion and growth through the absorption of water, and thus may
lead to a greater effect on the formation of haze and regional
climate. The study was focused on the variation of mixing state of
EC with SIS and oxidized organics by RPA method. In SPMS studies,
the m/z 43[C2H3O]þ is commonly attributed to the oxidized
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organics that are formed through photochemical processing (Qin
et al., 2012). Secondary species, such as sulfate, oxidized or-
ganics, nitrate and ammonium represent the most abundant
components of fine particles (Tao et al., 2012; Zhang et al., 2013b),
and their formation is active during the fall in the PRD region (He
et al., 2011).

The diurnal variations of RPAs of the secondary species associ-
ated with EC in the condensation and droplet modes are compared
in Fig. 3. For the condensation mode, RPAs of sulfate, ammonium
and oxidized organics exhibited pronounced diurnal variation,
increasing gradually after sunrise, peaking in the afternoon, and
decreasing gradually thereafter to a relatively stable level during
nighttime. Totally different from these species, the RPA of nitrate
associated with EC in the condensation mode usually showed a
night or morning peak.
Fig. 5. Correlation analysis of RPAs of sulfate and nitrate with that of ammonium, associate
respectively.
The diurnal variation trends of sulfate, ammonium and oxidized
organics were highly correlated with that of O3 during daytime
(Fig. S4). It implies that photochemical aging leads to the increased
fraction of ammonium, sulfate, and oxidized organics on EC.
Photochemical processing of fresh fractal EC emitted in the early
morning to form highly aged one, internally mixed with OC,
ammonium, sulfate and nitrate in the afternoon has been directly
observed in Mexico City (Moffet and Prather, 2009). The active
photochemical formation of sulfate and oxidized organics during
the daytime (Seinfeld and Pandis, 2006; Xiao et al., 2009) and high
correlation between oxidized organics, sulfate, and O3 have been
observed with Aerosol Mass Spectrometer in the PRD and other
regions (He et al., 2011; Jimenez et al., 2009). Huang et al. (2011)
have observed a lower fraction of internally mixed EC during the
nighttime than the daytime, and attributed it to the stronger
d with EC, in both the condensation (left column) and droplet modes (right column),
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emission of fresh externally mixed EC during rush hours. The re-
sults in this study further indicate that formation of high abundant
sulfate, ammonium and oxidized organics contributed to the
extensively internally mixed EC during the afternoon. The analysis
also suggests that EC can serve as an effective sink for sulfuric acid
and oxidized organics in the atmosphere of the PRD region. Labo-
ratory experiments and model simulation have revealed that
condensation of sulfuric acid represents the dominant aging pro-
cess of EC in the ambient atmosphere that proceeded on a time
scale of several hours (Khalizov et al., 2009; Riemer et al., 2004).
Evidence for the temporal profile of SO2, which typically showed a
morning peak and decreased with increasing O3, and the diurnal
variation of SO2 and RPA of sulfate (Fig. 4) support the major
pathway of sulfate from the photochemical oxidation of SO2. The
profile of O3 applied herein to represent that of OH radical, whose
concentration was unavailable (more details were provided in the
SM). The correlation between the concentration of SO2 and the RPA
of sulfate is considerably improved when the average diurnal trend
of SO2 was shifted to 5 h later. This time gap might be required to
effectively produce sulfate from the oxidation of SO2. The associ-
ated sulfate on EC cores should be in a form of ammonium sulfate,
indicated from the correlation analysis shown in Fig. 5. The trend
for nitrate could be explained by the heterogeneous uptake of N2O5

or condensation of ammonium nitrate onto the EC cores (Hu et al.,
2008; Lee et al., 2003; Wang et al., 2009). The correlation between
RPAs of ammonium and nitrate (Fig. 5) supported the condensation
of ammonium nitrate. Occasionally, nitrate also peaked in late
morning, similar to the observation by Lee et al. (2003), which is
attributed to gas-phase oxidation of NO2 with OH radicals, followed
by condensation of HNO3 (Seinfeld and Pandis, 2006).

For the droplet mode, the diurnal trends of RPAs of sulfate,
ammonium, oxidized organics and nitrate associated with EC ex-
hibits little dependence upon time of day, indicating some other
mechanisms (e.g., in-cloud processing as discussed above). Fig. 5
Fig. 6. Variation of RPAs of secondary species on
also showed that sulfate was in a form of ammonium sulfate in
the droplet mode. However, there was no relevance between
ammonium and nitrate, which may suggest that heterogeneous
reactions are involved in the formation of nitrate in the droplet
mode.

3.4. Size dependence of secondary coatings

The distribution of RPAs of SIS and oxidized organics (43
[C2H3O]þ) along dva is displayed in Fig. 6. Although EC was
commonly internally mixed with SIS and oxidized organics, the
pattern implies that the distribution of these secondary species was
actually highly dependent on dva. The average RPAs of the sec-
ondary species commonly increased towards larger particles, sug-
gesting that the formation of secondary species directly
contributed to the growth of EC particles. These were consistent
with previous atmospheric observations conducted in Vienna,
Austria (Okada and Hitzenberger, 2001), and Sapporo, Japan
(Hasegawa and Ohta, 2002). Fig. 6 shows that the RPA of nitrate on
EC increasedwith dva, however, the RPAs of ammonium, sulfate and
43[C2H3O]þ only increased in the condensation mode, and
remained relatively stable in the droplet mode. It can be explained
by their different formation mechanisms, as mentioned above
(section 3.3). The size dependence of sulfate and ammonium is
strongly related, which is consistent with the results presented in
Fig. 5 that sulfate predominantly associated with ammonium. The
distribution of nitrate showed less dependence on ammonium in
the droplet mode, also consistent with the correlation analysis in
Fig. 5. The results further support that nitrate on EC was mainly
formed from the condensation of nitric acid rather than ammonium
nitrate on EC in the droplet mode (Wang et al., 2009).

Evidence further showed that the addition of secondary species
directly contributed to the growth of EC-containing particles during
the noon. The difference between size distributions of EC-
EC-containing particles as a function of dva.



Fig. 7. Variation of number count Ratio (noon hours/morning hours) for EC-containing
particles with dva.
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containing particles during morning and afternoon hours in Fig. S5
showed that the count of EC-containing particles in smaller parti-
cles (0.2e0.4 mm) was more abundant during nighttime and
morning hours. It may suggest that EC-containing particles in the
smaller particles were transformed into larger particles as the
photochemical aging. The difference is more specifically displayed
in Fig. 7, as size dependent ratios of EC during morning and after-
noon hours. The ratios of number counts of EC-containing particles
during noon (11:00e15:00) to morning hours (7:00e10:00)
showed a decrease in the condensation mode. It wasw0.4e0.6 and
w1.5 in smaller (0.2e0.4 mm) and larger particles (0.5e0.6 mm),
respectively, which implies that the particle growth dominated
over primary emission during the noon period. In the droplet mode,
the ratio slightly decreased with increasing dva, which may be
associated with higher boundary layer during the afternoon, and
also the evaporation of semi-volatile species.

4. Conclusions

Direct observation of size-resolved mixing state of individual EC
was performed during the fall of 2010 in the PRD region, China. EC-
containing particles accounted for w33% (21e50%), highly
depending on the particle size. Ambient EC particles were
commonly internally mixed with secondary species such as
oxidized organics, ammonium sulfate, and nitrate. The results from
the analysis of these species associated with EC highlight the
dependence of secondary coatings on the photochemical conditions
and dva. Active photochemical formation of oxidized organics and
ammonium sulfate during the daytime, and condensation of
ammonium nitrate during the nighttime led to the distinct diurnal
circle of mixing state of EC in the condensation mode. However, the
photochemical aging may have limited or negligible influence on
the mixing state and the growth of EC in the droplet mode. The
degree of internal mixing for EC showed an increase trend with dva
due to the coating of secondary species. While our observation may
be insufficient to explain the amount of secondary species on EC as a
function of dva, the results still have an advantage to provide quali-
tative and comprehensive information on the size and time
dependent trends of secondary coating on EC. These facts provide a
reference for estimating their contribution toboth light extinction in
the PRD region, and also should be taken into account for reducing
the uncertainty in regional aerosol-climate modeling of EC.
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