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An intensive measurement campaign was conducted in the coastal city of Xiamen, China to investigate the size
distribution and mixing state of the refractory black carbon (rBC) aerosol. The average rBC concentration for
the campaign, measured with a ground-based single particle soot photometer (SP2), was 2.3 ± 1.7 μg m−3,
which accounted for ~4.3% of the PM2.5mass. A potential source contribution functionmodel indicated that emis-
sions from coastal cities to the southwest were the most important source for the rBC and that shipping traffic
was another likely source. The mass size distribution of the rBC particles was mono-modal and approximately
lognormal,with amassmedian diameter (MMD) of ~185 nm. LargerMMDs (~195 nm) occurred during polluted
conditions compared with non-polluted times (~175 nm) due to stronger biomass burning activities during pol-
lution episodes. Uncoated or thinly-coated particles composed the bulk of the rBC aerosol, and on average ~31%
of the rBCwas internally-mixed or thickly-coated. A positivematrix factorizationmodel showed that organicma-
terials were the predominant component of the rBC coatings and that mixing with nitrate increased during pol-
lution conditions. These findings should lead to improvements in the parameterizations used to model the
radiative effects of rBC.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The black carbon (BC) aerosol plays an important role in the Earth's
climate system, mainly due to its strong absorption of solar radiation at
visible wavelengths both in the atmosphere (e.g., Ramana et al., 2010;
Das and Jayaraman, 2011) and after the particles are deposited onto
snow (e.g., Xu et al., 2009; Hadley and Kirchstetter, 2012). BC is a by-
product of the incomplete combustion of fossil fuels and the burning
of biomass and other fuels (Bond et al., 2013). The global emission of
BC in 2007 was estimated to be ~8.7 Tg yr−1, and of this 1.6 Tg yr−1

was from industry, 2.8 Tg yr−1 from residential/commercial sectors,
and 1.5 Tg yr−1 from transportation (Wang, 2015). The Fifth Assess-
ment Report of the Intergovernmental Panel on Climate Change
hemistry and Physics, SKLLQG,
ces, Xi’an 710061, China.
, cao@loess.llqg.ac.cn (J. Cao).
(IPCC) suggests that the direct radiative forcing of BC aerosol is
+0.6Wm−2:+0.4Wm−2 of that is due to emissions from the burning
of fossil fuels and biofuels (IPCC, 2013). Bond et al. (2013) estimated a
larger BC direct radiative forcing effect of +0.71 W m−2, with
+0.51 W m−2 from fossil and biofuel emissions and +0.2 W m−2

from biomass burning. More generally, in addition to carbon dioxide
andmethane, BC is considered one of themost important chemical spe-
cies for climate warming. From a different perspective, BC is an impor-
tant component of air pollution because the particles can impair
visibility (Wang et al., 2013), and it also has been suggested that BC ad-
versely affects human health, mainly through direct inhalation. The in-
haled particles can damage the vascular system and cause both
cardiopulmonary and respiratory disease (Cornell et al., 2012; Heal
et al., 2012).

Although the BC aerosol is almost chemically inert in the atmo-
sphere (Dumka et al., 2010), it can act as a carrier, and heterogeneous
surface reactions can change the particles' chemical composition,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosres.2016.06.022&domain=pdf
http://dx.doi.org/10.1016/j.atmosres.2016.06.022
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morphology and hygroscopicity (Zhang and Zhang, 2005). The presence
of internally-mixed, non-BC material (e.g., sulfates, nitrates or organic
substances) is thought to increase the light absorption properties of
BC particles through a “lensing effect” (e.g, Wang et al., 2014a; Liu
et al., 2015). Moreover, increases in the size and hydrophilicity of BC
particles can enhance their removal through precipitation scavenging
(Liu et al., 2013), and this in turn, has implications for climate forcing.
In this regard, the average atmospheric lifetime of BC aerosol is about
several days toweeks (Cape et al., 2012),making it a potential candidate
for short time-scale mitigation of global warming (Ramanathan and
Carmichael, 2008).

China is one of the world's largest contributors to the BC aerosol (Ni
et al., 2014), and even though the characteristics of BC aerosol in various
Chinese cities have been studied over the past several decades (e.g., Wu
et al., 2013; Feng et al., 2014; Cao et al., 2015), the information on ambi-
ent BC size distributions and mixing state is more limited than that on
total BC mass concentrations. For example, Cheng et al. (2006) investi-
gated the mixing state of BC and non-light-absorbing aerosol compo-
nents at Xinken in Pearl River Delta of China, and they found that the
BC mixing state varied with the wind direction and wind strength.
When airflowwas controlled by local winds the mixing state varied di-
urnally; that is, during the daytime thewindswere light and the BCwas
mainly internally mixed due to the effects of local pollution, but at night
the externally mixed BC mass ratio increased to an average of 53%. At
present, estimates of BC radiative forcing still remain highly uncertain,
and the information on size and mixing state of BC aerosol would not
only benefit the climate modelers but also support the development of
policies and regulations that target both climate change and air
pollution.

Although BC is important for climate and air quality, there is no
agreement on the terminology and definitions that deal with all aspects
of the properties, measurement methods, and related uncertainties of
this material (Petzold et al., 2013). Here, we use the designation refrac-
tory black carbon (rBC) instead of BC because the measurements were
made using an incandescence method rather than the more commonly
used thermal-optical or light-absorption methods (Bond et al., 2013;
Petzold et al., 2013). Previous studies have shown that BCmass concen-
trationsmeasured by these different techniques are both consistent and
traceable (Kondo et al., 2011). In this study, we deployed a single parti-
cle soot photometer (SP2) tomeasure rBC and an aerosol chemical spe-
ciation monitor (ACSM) to measure the concentrations of selected
chemical species during spring in Xiamen, China. The objectives of the
study were (1) to determine the rBC mass concentrations and identify
likely source regions, (2) to characterize the rBC size distributions
under different pollution levels, and (3) to investigate the relationships
between thickly-coated rBC particles and non-rBCmaterials. The results
obtained with the SP2 contribute to our understanding of the physical
and chemical characteristics rBC particles under different pollution
levels, and that information should lead to improvements in the param-
eterizations needed for models of rBC radiative effects and possibly in
control measures.

2. Experimental

2.1. Measurement site

The physical and chemical properties of rBC particleswere studied in
samples collected at a coastal urban site on the northwestern side of
Xiamen Island (Fig. S1). The sampling site was located on the rooftop
of a building of the Power Supply Bureau (24.52°N, 118.09°E, ~10 m
above ground level), which is a state-controlled air-sampling site
established by Xiamen Environmental Protection Bureau. Intensive
measurements were carried out from 1 to 31 March 2013 using an
SP2 and an ACSM. The sampling site is surrounded by commercial and
residential districts, and nomajor industrial sources are located nearby.
To the south is the Huli road (~100 m), where the traffic is heavy while
to the west is the Huachang road (~170 m), which has less traffic. This
sampling site may be considered generally representative of urban con-
ditions in Xiamen.

2.2. Single particle soot photometer

The mass, size distribution, and mixing state of rBC particles were
characterized using a commercially available SP2 instrument (Droplet
Measurement Technology, Boulder, CO, USA). As described previously
(e.g, Gao et al., 2007; Schwarz et al., 2015), the SP2 measurements are
based on a laser-induced incandescence method, which uses an intra-
cavity Nd:YAG laser (λ = 1064 nm) to heat rBC-containing particles
to their boiling point (~4000 K; Schwarz et al., 2006). The refractory
mass of each particle is quantified by detecting the emission of thermal
radiation. The SP2 has two incandescence channels (broad/narrow) and
two scattering channels, consisting of photomultiplier tubes (PMTs)
and avalanche photodiodes (APDs), respectively. The incandescence
channel signal was used to determine the rBC mass after calibration
with standard fullerene soot (Lot F12S011, Alfa Aesar, Inc., Ward Hill,
MA, USA). The scattering channel signal was calibrated with different
sizes ofmonodisperse polystyrene latex (PSL) spheres. To verify the sta-
bility of the SP2 for the rBCmeasurements, the laser intensitywasmon-
itored by analyzing 269 nm diameter PSL spheres about every three
days throughout the experiment (Schwarz et al., 2010), and the results
showed that the laser intensity was stable (see Fig. S2). More details
concerning the SP2 calibration proceduresmay be found in our previous
publication (Wang et al., 2014b).

The rBC mass is proportional to the SP2 incandescence signal, and it
is not sensitive to either the particle's morphology or mixing state
(Cross et al., 2010). The total uncertainty of the SP2 measurements is
~20%. The concentrations of rBC are reported for standard temperature
and pressure (273.15 K, 1013.25mbar). Themeasured atmospheric rBC
masses were converted to mass equivalent diameters (MEDs), assum-
ing the particles were solid spheres with a density of 2.0 g cm−3

(Slowik et al., 2004). The rBC size as used here refers to the MED of
the “core”, and it does not include the contributions of non-rBCmaterial
to the particle diameter.

Compared with filter-based observations (e.g., Han et al., 2010; Cao
et al., 2013; Zhu et al., 2014), measurementsmadewith the SP2 have an
important advantage–the ability to determine the mixing state of the
rBC particles (e.g., Perring et al., 2011; Laborde et al., 2013). Often rBC
particles in the atmosphere are internally-mixed with non-rBC mate-
rials, and this commonly referred to as the “coated state”. Coated rBC
particles can be seen in the transmission electron microscopy images
in Fig. 8 of Li et al. (2011). When the SP2 laser beam heats an
internally-mixed rBC particle, the coating vaporizes, causing the peak
of the scattering signal to decrease before the onset of the incandes-
cence signal. The lagtime between the peak of scattering signal and
the peak of incandescence signal can be used to characterize the coating
state (Schwarz et al., 2006). In this study, the frequency distribution of
lagtimes displayed a bimodal distributionwith ~2 μs separating twodis-
tinct populations (Fig. 1); this is similar to the two populations found by
Moteki et al. (2007) who investigated the mixing state of rBC particles
collected with an aircraft flown over the western Pacific. The rBC parti-
cles with an incandescence lagtime N2 μs were considered to have sub-
stantial coatings and by inference be thickly-coated while lagtimes
b2 μs represented uncoated or thinly-coated particles.

The degree of rBCmixing state is expressed here as the number frac-
tion of thickly-coated rBC (fBC) particles, which is calculated as the ratio
between the number of thickly-coated rBC particles and total number of
rBC particles. Due to the noisiness in the measurements for small parti-
cles and the saturation in the scattering measurements for large parti-
cles, the mixing state was determined for rBC cores between
~70–280 nm MED. This is not a major limitation in the data because
that size range constitutes a large majority of rBC particle population
(e.g., Huang et al., 2012; Wang et al., 2015a).



Fig. 1.Histogram of the incandescence lagtimes for ~7000 arbitrary-selected ambient rBC
particles during the campaign. The vertical dashed line shows the lagtime of 2 μs which
can be used to distinguish thickly-coated rBC particles fromuncoated or thinly-coated rBC.
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2.3. Aerosol chemical measurements

The mass concentrations of non-refractory PM1 species
(e.g., organics, sulfate, nitrate, ammonium, and chloride) were mea-
sured with the use of an aerosol chemical speciation monitor (ACSM,
Aerodyne Research Inc., Billerica, MA) that was operated in parallel
with the SP2 measurements. Ambient air was drawn into the ACSM at
a flow rate of 3 L min−1. The atmospheric particles were dried with a
Nafion® dryer (MD-110-48S; Perma Pure, Inc., Lakewood, NJ, USA)
before entering the ACSM to avoid water condensation in the sampling
line, which would affect the particle collection efficiency (Middlebrook
et al., 2012). Detailed descriptions of the operating principles and cali-
bration procedures of ACSM are available elsewhere (Ng et al., 2011).
Briefly, the ACSM focuses individual particles (~40–1000 nm vacuum
aerodynamic diameter, VAD) into a beam through a critical orifice
(100 μm diameter) at a rate of ~0.1 L min−1 under vacuum. Then the
non-refractory components of the particle beam are vaporized on a
hot surface (~600 °C), ionized with 70 eV electrons, and finally the
mass fragments analyzed with a quadrupole mass spectrometer. The
chemically-speciated, non-refractory aerosolmass loadings are then ex-
tracted from the mass spectra. The ACSM response factor (RF) was cal-
culated with the use of monodisperse 300 nm ammonium nitrate
particles that were generated using an atomizer (Model 9302, TSI Inc.,
Shoreview, MN, USA) and a differential mobility analyzer (Model
3080, TSI Inc.). A range of ammonium nitrate concentrations from 0 to
Fig. 2. Time-series plots of hourly-averaged (a) PM2.5mass concentrations, (b) number fractions
horizontal dashed line shows the Grade II standard value for daily PM2.5 concentration (75 μg
25 μg m−3 was used for this purpose, which was produced by diluting
the generated aerosol. The relative ionization efficiency for ammonium
was directly determined from the ammonium nitrate calibration.
2.4. Complementary measurements

Hourly mass concentrations of PM2.5 were measured using a micro-
oscillating balance method (TEOM®1405-DF; Thermo Scientific, Wal-
tham, MA, USA). Hourly-average mixing ratios of nitrogen oxides
(NOx = NO2 + NO) and ozone (O3) were obtained through measure-
ments made by a chemiluminescence method (Model 42i Nitrogen
Oxide Analyzer, Thermo Scientific) and a UV photometric method
(Model 49i Ozone Analyzer, Thermo Scientific), respectively. Wind
speed and wind direction were measured every minute with the use
of an automatic weather station (MAWS201, Vaisala, Vantaa, Finland)
configured with a wind sensor (Vaisala Model QMW101-M2).
3. Results and discussion

3.1. rBC concentrations and potential sources

Time-series plots of the hourly-averagedmass concentrations of rBC
and PM2.5 for the entire campaign are shown in Fig. 2. The hourly PM2.5

mass concentrations variedwidely, ranging from5 to 168 μgm−3with a
mean value of 54 μg m−3 and a standard deviation (SD) of 25 μg m−3.
Although the average value was less than the China National Ambient
Air Quality Grade II Standard for daily PM2.5 mass concentrations
(75 μg m−3, GB3095-2012), ~20% of the samples exceeded that value
and so were considered to be more-or-less representative of polluted
conditions while the rest were assumed to be more indicative of non-
polluted periods. The rBC mass concentrations ranged from 0.3 to
11.3 μg m−3, with an average of 2.3 ± 1.7 μg m−3, which accounted
for ~4.3% of PM2.5 mass. For the polluted samples, the average rBC con-
centration was 4.1 ± 2.0 μg m−3, which was higher by a factor of ~2
than the non-polluted samples (2.0 ± 1.4 μg m−3). Compared with
SP2-based measurements made at other Chinese cities (see Table 1),
the overall average rBC value at Xiamen was lower than Beijing
(5.5 μg m−3, Wu et al., 2016), Shanghai (3.2 μg m−3, Gong et al.,
2016), Xi'an (8.8 μg m−3, Wang et al., 2014a), and Shenzhen
(4.1 μg m−3, Huang et al., 2012). However, the SP2-based rBC mass
loadings at Xiamen were higher than similar measurements made in
several other cities around the world, including Paris (0.9 μg m−3

,

Laborde et al., 2013) and London (1.3 μg m−3, Liu et al., 2014).
of thickly-coated rBC (fBC), and (c) refractory black carbon (rBC)mass concentrations. The
m−3) promulgated as the China National Ambient Air Quality Standard (GB3095-2012).



Table 1
Average refractory black carbon (rBC) concentrations at selected locations.

Location Observation period rBC (μg
m−3)

Reference

Xiamen, China Mar. 2013 2.3 ± 1.7 This study
Polluted periods 4.1 ± 2.0
Non-polluted periods 2.0 ± 1.4

Beijing, China Jan. 2013 5.5 Wu et al. (2016)
Shanghai, China Dec. 2013 3.2 Gong et al. (2016)
Xi'an, China Dec. 2012–Jan. 2013 8.8 ± 7.3 Wang et al. (2014a)
Shenzhen, China Jan. 2010 4.1 ± 3.8 Huang et al. (2012)
Paris, France Jan.–Feb. 2010 0.9 ± 0.7 Laborde et al. (2013)
London, England Jan.–Feb. and Jul.–Aug. 2012 1.3 ± 1.1 Liu et al. (2014)
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Fig. 3 shows the diurnal variations in the rBC concentrations and
wind speed averaged over the campaign. The rBC concentrations typi-
cally exhibited two peaks per day, and these can be explained by the
combined influences of human activities andmeteorological conditions.
The rBC concentrations showed their first and largest peak value
(3.3 μg m−3) in the early morning ~07:00 local standard time (LST–all
time references that follow are given in LST), and that was followed
by a sharp decrease to a minimum value (1.6–1.9 μg m−3) in the after-
noon around 12:00–17:00. The rBC concentrations then increased to a
secondary peak value (2.6 μg m−3) in the evening at ~19:00 and then
slowly decreased to a minimum (1.9–2.1 μg m−3) at night around
23:00–24:00, similar to what has been observed at the Chinese coastal
city of Shenzhen (Huang et al., 2012). After midnight, the rBC loadings
were relatively stable at ~2.7 μgm−3 until the earlymorning; that is, be-
fore about 06:00.

The elevated rBC concentrations in the morning and evening can be
explained by increases in local anthropogenic emissions, especially
those from rush-hour traffic. Those impacts presumably were exacer-
bated by low boundary-layer heights, which led to the near-surface ac-
cumulation of pollutants.With increases in solar heating during the day,
the depths of the boundary layer and wind speeds both tended to in-
crease (see Fig. 3b), and those meteorological effects led to a dilution
of the atmospheric aerosols and as a result lower rBC loadings in the af-
ternoon. The slight decrease in rBC at night between 20:00 and 24:00
may be attributed to relatively strong winds from the northeast at
night (Fig. S3). There are no strong rBC emission sources in that direc-
tion from the site, and this explanation is also consistentwith the source
analysis discussed below.

A potential source contribution function (PSCF) model was used to
identify the likely source regions for the rBC aerosol at Xiamen, and it
was based on three-day trajectories calculated backwards in time for ar-
rival heights of 20, 100, and 500 m above ground. The trajectories were
calculated hourly using the hybrid single-particle Lagrangian integrated
Fig. 3. (a) Diurnal variations of refractory black carbon (rBC)mass concentrations and (b) wind
denote the 25% and 75% percentiles, respectively. The red crosses indicate themean values and v
time.
(HYSPLIT) model (Draxler and Rolph, 2003) which was driven by full
vertical dynamics and griddedmeteorological data (Global Data Assim-
ilation System; GDAS1, http://ready.arl.noaa.gov/HYSPLIT.php). Each
arrival height was retrieved for each of 744 backward trajectories. Fig.
4 (a–c) shows that the trajectories for different arrival heights exhibited
similar patterns, suggesting that the air masses can be considered well-
mixed from 20 to 500 m.

For the PSCF, the geographic area covered by the trajectories were
divided into 3996 grid cells of 0.5° latitude × 0.5° longitude so that
there were 54,312 endpoints / 3996 cells or ~14 trajectory endpoints
per cell on average. An inherent assumption for the PSCF is that if a
source is located within a single geographic grid cell (i, j), air parcels
passing over that location will accumulate particles that will then be
transported along the trajectory path to the receptor site. Although
the PSCF is a useful model for locating potential source regions
(e.g., Zhang et al., 2013;Wang et al., 2015b), a limitation of the method
is that grid cells can have the same PSCF values when the sample con-
centrations at the receptor site are either much higher or only slightly
higher than the criterion value, which is usually set as the arithmetic
mean. This limitation may result in difficulties in distinguishingmoder-
ate sources from strong ones, and to compensate, the PSCF results for
our study were calculated using the 75th percentile of all the data
(3.3 μg m−3) as the criterion value. Indeed, a study by Cheng and Lin
(2001) showed that the use of a higher criterion value than the mean
could improve the resolution of PSCF source identifications.

Fig. 4 (d–f) shows that the PSCF results were similar for all arrival
heights, and that most important potential source region for rBC was
to the southwest of Xiamen–that area includes the coastal cities of Shan-
tou and Shanwei where rBC emissions are known to be strong (Zhang
et al., 2009). We would also hasten to note that in addition to the influ-
ences from these cities, there are possiblemaritime contributions to rBC
due to the heavy commercial shipping traffic in the coastal waters. Pre-
vious studies have shown that emissions from ships can be themost im-
portant source for rBC over some oceanic regions (Lack and Corbett,
2012).

3.2. rBC core mass size distributions

The size distribution of rBC particles is an important determinant of
the aerosols' light absorption characteristics (Reddington et al., 2013),
and Fig. 5a shows themass size distribution of rBC averaged over the en-
tire campaign. Amono-modal lognormal size-distributionwas found for
themass-equivalent diameters of the rBC cores; themassmedian diam-
eter (MMD) for the ensemble of all samples was ~185 nm, and the geo-
metric standard deviation (σgc) was 0.47. This MMD value is
considerably lower than those obtained with SP2s deployed in
Shenzhen (210 nm, Huang et al., 2012) or Xi'an (205 nm, Wang et al.,
speeds averaged over the campaign. In each panel, the lower and upper edges of the boxes
ertical bars (“whiskers”) show the 10th and 90th percentiles. LST stands for local standard

http://ready.arl.noaa.gov/HYSPLIT.php


Fig. 4. (a–c) Three-day backward in time air mass trajectories reaching the sampling site at Xiamen at 20, 100, and 500 m above ground every hour and (d–f) likely source areas for rBC during the campaign identified using potential source
contribution function (PSCF) model.
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Fig. 5.Mass size distributions of refractory black carbon for (a) the entire campaign period, (b) non-pollutedperiods (PM2.5 b 75 μgm−3), and (c) pollutedperiods (PM2.5 N 75 μgm−3). The
solid red lines represent average values, the grey shaded region shows the averages ± one standard deviation, and the dashed blue lines are the mono-modal lognormal fits to the data.
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2015a), but it falls within the range of 174–193 nm (the diameters were
adjusted for comparison by assuming the same density of 2 g cm−3 used
in our study) reported for various continental sites in Europe
(McMeeking et al., 2010).

A single lognormal function fit the data well for the two different
levels of PM2.5 mass found for the non-polluted and polluted samples
(Fig. 5b and c). The rBC MMD for non-polluted samples was ~175 nm
(σgc = 0.46), which was ~20 nm smaller than for the corresponding
value for the polluted ones (~195 nm, σgc = 0.48). There is good evi-
dence that the sizes of rBC cores can vary at the time of emission de-
pending on their source, and this affects their ambient size
distributions. For example, Liu et al. (2014) reported that rBC particles
from solid fuel burning have larger MMDs compared with those from
motor vehicles. Analyses of mass spectra of biomass burning particles
showed that m/z 60 is a common fragment found in those emissions
(Elser et al., 2016), and therefore, the relative abundance of m/z 60 in
total organic aerosol (f60) obtained in our studies with the ACSM was
used as a chemical tracer of biomass burning. As shown in Fig. S4, the
rBC concentration was moderately correlated (r = 0.65) with f60, and
the latter also was positively correlated with the PM2.5 mass concentra-
tion (r = 0.67). These correlations indicate that the biomass burning
was an important source, contributing to both the increased PM2.5 and
rBC loadings during pollution episodes.

Previous studies indicate that the rBC MMD for particles from bio-
mass burning plume (210 nm) was larger than that from urban fossil
fuel burning (170 nm) (Schwarz et al., 2008a). Thus, the larger rBC
size during pollution episodes also was likely connected to the en-
hanced biomass burning activities. In addition, one may also postulate
that the increased rBC core size could result from coagulation processes.
Fig. 6. (a) Diurnal variations of the number fraction of thickly-coated rBC particles (fBC) and (b)
Fig. 3.
It bears repeating that the SP2 quantifies themass of the rBC core alone,
and it does not account for any contributions of non-rBCmaterial to the
rBC particle diameter. However, the self-coagulation of rBC particles in
the atmosphere is mainly the result Brownian motion, which is a slow
process for particles in the accumulation mode (Seinfeld and Pandis,
2006). It is possible that the ageing scale may not be long enough to
lead to a significant increase in rBC core during pollution episodes.

3.3. The rBC mixing state and relationships with chemical species

Themixing state of rBC aerosol is one of themost critical parameters
used in models that deal with the direct radiative forcing of aerosols
(Bond et al., 2013). A time-series plot of the hourly-averaged mixing
state of rBC particles (expressed as a percentage, fBC) for the entire cam-
paign is shown in Fig. 2b. The fBC results can be viewed as indicator of
the relative proportions of fresh emissions versus aged particles. In
our study, fBC varied over a range of 18–55%, with an average value of
31±6%, suggesting that the bulk of the rBC aerosolwas either uncoated
or thinly-coated. This value was lower than SP2-based measurements
reported for other Chinese cities, e.g., 58% at Beijing (Wu et al., 2016)
and 47% at Xi'an (Wang et al., 2014a), and a remote area of Qinghai
Lake (59%, Wang et al., 2015b).

Fig. 6 shows the diurnal variations of fBC and oxidant levels (Ox =
O3+NO2) averaged over the study. The oxidant Ox is amore conserved
tracer of photochemical processing in the urban atmosphere than O3

alone because fresh emissions of NO can react with O3 to form NO2

(Notario et al., 2012). The diurnal pattern in fBC was roughly opposite
that shown by the rBC concentrations; that is, low fBC values were
found in the early morning and evening, which can be attributed to
oxidant Ox (O3 + NO2) concentrations averaged over the study. Boxes and whiskers as in



Fig. 7. Contributions of organic aerosol (OA) and major ions normalized to rBC (OA/rBC,
SO4

2−/rBC, NO3
−/rBC, NH4

+/rBC), and fBC for the three-factor positive matrix factorization
(PMF) model for the rBC coatings.
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the production of fresh, externally-mixed rBC particles by motor vehi-
cles. An increase in fBC was observed from 09:00 to 14:00, which was
followed by the increase in Ox (Fig. 6b). The greater numbers of coated
rBC particles during the daytime are an indication that photochemical
oxidation plays an important role in the evolution of the rBC mixing
state at our site.Moreover, deepermixed-layers andhigherwind speeds
in the afternoon would bring more aged air (that is, regional outflow
and/or upper atmospheric air) to the sampling site, and that aged air
would tend to contain higher proportions of internally mixed rBC parti-
cles (Schwarz et al., 2008b). An increasing trend of fBC was found be-
tween 20:00 and 24:00, and one possible explanation for the higher
fraction of coated particles at that time is thatmore aged air fromnorth-
east was sampled due to the slightly higher wind speeds in the late eve-
ning. Another explanation is that the fresh, externally-mixed rBC
particles accumulated during evening rush hour and aged locally during
the evening.

Previous studies have used positive matrix factorization (PMF)
models to evaluate the potential contributions of organic aerosol (OA),
Fig. 8. Contributions of each PMF factor to fBC for (a) the entire campaign period, (b) non-pollut
related coatings, respectively.
sulfate, nitrate, and ammonium to the coatings on rBC particles
(Shiraiwa et al., 2007, Metcalf et al., 2012;Wang et al., 2014a).More de-
tailed information concerning the key principles of the PMF approach
may be found in the Supplementary Material. The input parameters
for themodelwere the fBC values and theACSM species'masses normal-
ized by rBC mass. The latter were used in preference to the absolute
mass concentrations for each species because the mass ratios have
been shown to better represent the relative amounts of materials coat-
ing the rBC particles than the concentrations themselves (Shiraiwa
et al., 2007). The US EPA PMF 3.0 version was used for our study, and
the optimal number of factors was chosen after the analyzing the good-
ness of Q-values, the scaled residual matrices, G-space plots, the regres-
sion diagnostics, and physical meaningfulness of the factor profiles and
contributions. A summary of the PMF model performance statistics is
reported in Supplementary Table S1. Three coating-related sources
were identified as shown in Fig. 7. Factor 1 was characterized by high
loadings for OA/rBC, and itwas ascribed to anOA-related coating source.
Factor 2 was dominated by SO4

2−/rBC and NH4
+/rBC, and it was

interpreted as sulfate-related coating source, most likely involving reac-
tions of ammonia with sulfuric acid or ammonium bisulfate. Factor 3
was most heavily loaded with NO3

−/rBC and NH4
+/rBC, and it was con-

sidered a nitrate-related coating source.
A multiple linear regression analysis was next used to calculate the

hourly contribution of each of the three coating factors to fBC. The sam-
ples were separated into polluted versus non-polluted groups based on
the PM2.5 mass concentrations to investigate the contributions of each
coating factor to fBC for the different conditions (see Section 3.1 for clas-
sification criteria). Fig. 8 shows the contributions of each of the three
factors to fBC during the entire campaign as well as the fBC values sepa-
rated by the PM2.5 levels. On average, Factor 1 contributed 49.5% to fBC
over the course of the study, and this indicates that OAwas themost im-
portant component of the rBC coatings. The combined contributions of
Factors 2 and 3 were comparable to the OA loading and accounted for
25.4% and 25.1% of the total coatings, respectively. Closer inspection of
the data shows that the coatings on rBC particles varied with the
PM2.5 mass loadings; that is, the OA coatings (Factor 1) decreased
from 51.4% for the non-polluted samples to 42.9% for the polluted
oneswhile the nitrate coatings (Factor 3) showed the opposite behavior
and increased from 22.3% to 35.7%. The contribution of sulfate coatings
(Factor 2) remained relatively stable under the different PM2.5 levels.
Previous studies have shown that increases in rBC hydrophilicity were
more associated with nitrate coatings than those of sulfate or organic
(Liu et al., 2013). Therefore, the increases in the nitrate coatings we ob-
served on rBC from polluted air presumably enhanced the hydrophilic-
ity of the particles, and one possible implication of this is that the
ed periods, and (c) polluted periods. Factors 1, 2, and 3 represent OA-, sulfate- and nitrate-
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atmospheric lifetime of rBC in polluted air could be reduced due tomore
efficient wet removal.

4. Conclusions

The rBC mass concentrations, size distributions, and mixing state
were studied for samples collected from Xiamen, a coastal city in
South China. The rBC concentration, averaged over the entire sampling
campaign, was 2.3 ± 1.7 μg m−3, which accounted for ~4.3% of PM2.5

mass. A clear diurnal cycle in rBC was observed: the concentrations
peaked during the morning rush hour, fell to a minimum in the after-
noon, then rose again as the traffic increased during the evening, and fi-
nally stabilized at night. A potential source contribution function model
indicated that themost likely regional sources for rBCwere to the south-
west of Xiamen, but therewere also possiblemaritime influences due to
the heavy commercial shipping traffic. The rBC mass size distribution
was approximately lognormal, and the rBC mass median diameter was
~185 nm. The MMD for the polluted samples was larger (~195 nm)
than that for the non-polluted samples (~175 nm), which was attrib-
uted to a greater impact of biomass burning during polluted conditions.

The average number fraction of thickly-coated rBC (fBC) for the study
was 31 ± 6%, and therefore uncoated or thinly-coated rBC particles
composed the bulk of the rBC aerosol. Higher fBC values–that is, more
thickly-coated particles–were observed in the afternoon evidently due
to the effects of photochemical oxidation. Positive matrix factorization
model simulations showed that organic substances were the most im-
portant materials contributing to the rBC coatings. The organic aerosol
coatings were higher in the non-polluted samples than in the polluted
ones, 51.4% versus 42.9%, while nitrate coatings made up 35.7% of the
coatings for the polluted samples compared with 22.3% for the non-
polluted ones. Internal mixing with nitrate presumably makes the rBC
particles more hydrophilic, and that could lead to a shorter atmospheric
lifetime for rBC in regionally polluted air masses.
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