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ABSTRACT

Taiwan Strait is a special channel for subtropical East Asian Monsoon and its western coast
is an important economic zone in China. In this study, a suburban site in the city of Xiamen
on the western coast of Taiwan Strait was selected for fine aerosol study to improve the
understanding of air pollution sources in this region. An Aerodyne high-resolution
time-of-flight aerosol mass spectrometer (HR-ToF-AMS) and an Aethalometer were
deployed to measure fine aerosol composition with a time resolution of 5 min from May 1
to 18, 2015. The average mass concentration of PM1 was 46.2 + 26.3 ng/m3 for the entire
campaign. Organics (28.3%), sulfate (24.9%), and nitrate (20.6%) were the major components
in the fine particles, followed by ammonium, black carbon (BC), and chloride. Evolution of
nitrate concentration and size distribution indicated that local NOx emissions played a key
role in high fine particle pollution in Xiamen. In addition, organic nitrate was found to
account for 9.0%-13.8% of the total measured nitrate. Positive Matrix Factorization (PMF)
conducted with high-resolution organic mass spectra dataset differentiated the organic
aerosol into three components, including a hydrocarbon-like organic aerosol (HOA) and two
oxygenated organic aerosols (SV-OOA and LV-OOA), which on average accounted for 27.6%,
28.8%, and 43.6% of the total organic mass, respectively. The relationship between the mass
concentration of submicron particle species and wind further confirmed that all major fine
particle species were influenced by both strong local emissions in the southeastern area of
Xiamen and regional transport through the Taiwan Strait.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

Submicron particles, whether natural or anthropogenic, origi-
nate from emissions of primary particulate matter and second-
ary particulate matter from gaseous precursors (IPCC , 2013).
Submicron particles are crucial air pollutants in the urban

environment and they have important effects on human health,
visibility and climate change, the adverse health effects are of
special concern in metropolitans (Baklanov et al., 2016). Organics
contribute a large fraction to the submicron particles and are
poorly understood (Zhang et al., 2007). Apportioning organic
species into their sources and components correctly is a critical
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step towards enabling efficient control strategies and model
representations (Ulbrich et al.,, 2009). Submicron particles are a
complicated mixture of various species, it is essential to have a
deep understanding of the chemical identification and source
apportionment.

Although many studies focused on submicron particles in
atmosphere were carried out in Yangtze River Delta region,
Pearl River Delta region and Beijing-Tianjin-Hebei region (Feng
etal., 2009; Huangetal., 2012, 2013, 2014; He et al., 2011; Hu et al.,
2016), there are few studies about the Taiwan Strait. Both the
west and east sides of the Taiwan Strait are mountainous and
coastal terrain that make it a special channel for the airmass
transportation in eastern China. The area around the Taiwan
Strait is mainly influenced by subtropical East Asian Monsoons
and the special climatic conditions such as sea-land breeze and
high RH (Deng et al., 2014). The west side of the Taiwan Straitis an
important economic zone in China like Pearl River Delta (PRD)
and Yangtze River Delta (YRD). There are many important
industrial and densely populated areas on both the west and
east side of the Taiwan Strait, which can emit large amount of
particulate pollutants transported through the Taiwan Strait
along with the airflow. Xiamen (24°36'N, 118°03’E) is one of the
most important metropolitan in the west side of the Taiwan
Strait economic zone with an area of 1573.16 km? and a
population of 3.81 million. Like many other cities in China,
Xiamen also suffers a big problem of air pollution with the rapid
development of economy and urbanization. The industrial plants
in Xiamen, including coal-fired power plants, ceramic plants,
porcelain products and textile industry, can be the potential
emission sources for air pollution. So the submicron particle
pollution in Xiamen, to the west side of the Taiwan Strait, is not
only under the influence of local emissions, but also obviously
affected by regional sources transported along the coast.

Although some studies have been taken on the proper-
ties of submicron particles in Xiamen, but the chemical
characteristics and source apportionment was rarely stud-
ied. The result in Zhang et al. (2012) show an annual
average concentration of PM,s of 86.16 pg/m3 during June
2009 to May 2010, focusing on a long lasting period. Zhang
et al. (2013) showed that the average mass concentration of
PM, s of the period before, during and after hazy from Dec.
25, 2010 to Jan. 1, 2011 were 88.80 + 19.97, 135.41 + 36.20 and
96.35 + 36.26 ng/m>, respectively, focusing on the chemical
compositions, light extinction and metropology in Xiamen.
Some other previous studies showed that organic matter and
sulfate were the most abundant components of fine particles in
Xiamen, followed by ammonium and nitrate (Wu, 2015; Yan
etal., 2015).

High-resolution time-of-flight aerosol mass spectrometer
(HR-ToF-AMS, Aerodyne, US) is a very useful instrument to
measure the chemical composition and size distribution of
non-refractory species. This paper reports the size resolved
chemical characterization measured by an HR-ToF-AMS,
coupled with an Aethalometer to measure black carbon
aerosol, and the results of factor analysis for organic aerosol
source apportionment with the high-resolution of the
organic mass spectra in the air in Xiamen in May 2015,
aims to have a further understanding of the chemical
composition and variation of submicron particles in Taiwan
Strait region.

1. Experimental methods
1.1. Sampling site description

The sampling site was located in the Institute of Urban
Environment, Chinese Academy of Sciences (IUE, CAS) in the
Jimei District, and was a suburban site close to the Xinglin
Bay. Since this site was located roughly at the geometric
center of the Xiamen territory and in the downwind area of
urban Xiamen during the sampling period, it could serve as a
good receptor site of various pollutant sources in this region,
reflecting not only urban emissions but also industrial
emissions. The campus and its surroundings were mostly
covered by subtropical plants. Two local roads are about
100 m far away to the northwest and northeast, respectively.
The field campaign was conducted from 1 May to 18 May 2015.
The average ambient temperature was 24.3 + 2.9°C. In winter,
the air quality in Xiamen can be greatly influenced by the air
mass transported from the more polluted northern inland, so
the local emissions in this region cannot be obviously observed.
While in summer, the air quality is quite good due to the
abundant precipitation and the clean air mass from the sea,
which makes summer not an ideal choice for air pollution
research. Therefore, the spring time, as a transition season, was
selected for this study.

1.2. HR-ToF-AMS measurement and data process

An Aerodyne High-Resolution Time-of-Flight Aerosol Mass
Spectrometer (referred as AMS) was deployed in an air
monitoring station in the campus of IUE, CAS with a PM;s
cyclone inlet set up on the roof of the station to remove coarse
particles and lead the airflow into the room with a flow rate of
10 L/min. The detailed principles of the operation of AMS
were described in previous publications (DeCarlo et al., 2006;
Canagaratna et al., 2007). During the campaign, the AMS was
operated in a cycle of 2 ion optical modes (V and W), including
2 min V-mode to obtain the UMR mass concentration and size
distribution of the non-refractory species (organics, SO3-, NO3,
NH; and CI'); 2 min W-mode to obtain high-resolution mass
spectra of organics. The inlet flow rate calibration, ionization
efficiency (IE) and particle size calibration was conducted at the
beginning and the end of the campaign with the method
described in previous publications (Jayne et al., 2000; Jimenez
et al.,, 2003; Drewnick et al., 2005). The detection limits of AMS
for different species were determined by filtered particle-free
ambient air and defined as three times the standard deviations
of the corresponding species (Zhang et al., 2005a; DeCarlo et al.,
2006; Sun et al., 2009). The detection limits of organics, sulfate,
nitrate, ammonium and chloride for 2 min V-mode averaging
during the campaign were 0.244 pg/m?®, 0.064 pg/m? 0.05 pg/m?,
0.231 pg/m® and 0.042 ng/m>, respectively. Refractory black
carbon (BC), which cannot be detected by AMS, was measured
simultaneously by an Aethalometer (AE-31, Magee, US) coupled
with a PM,s cyclone with a time resolution of 5 min. The
wavelength of 8380 nm was used for BC mass concentration
calculation in the Aethalometer data processing.

Data analysis was performed with software packages
SQUIRREL version 1.57 and PIKA version 1.16 (http://cires.
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colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/
index.html) following the method shown in DeCarlo et al.
(2006). The mass concentration should be corrected with
collection efficiency (CE) due to the loss of particles when
transmitting through the aerodynamic lens and bouncing at
the vaporizer. The potential influence of RH on particle
collection efficiency (CE) at the vaporizer was eliminated
since a nafion dryer was placed upstream of the AMS to keep
the relative humidity of the particles less than 30% (Matthew
et al., 2008). Middlebrook et al. (2012) revealed that CE can be
affected by many factors, including the composition, acidity,
ammonium nitrate fraction, organic fraction of the particles. The
calculated composition-dependent CE based on Middlebrook
etal. (2012) was applied to the data. The default values of relative
ionization efficiency (RIE) values were used in this study (1.2 for
sulfate, 1.1 for nitrate, 1.3 for chloride, 1.4 for organics and 4.0 for
ammonium) (Jimenez et al., 2003).

1.3. Estimation of organic nitrates

Organic nitrates (R-ONO,) are formed through reactions of NO
with organic peroxy radicals during the day and through NO;
radical-initiated reactions of alkenes in the nighttime (Roberts,
1990; Atkinson, 1997; Atkinson and Arey, 2003; Gong et al., 2005;
Ng et al, 2008; Fry et al, 2009; Lim and Ziemann, 2009;
Matsunaga and Ziemann, 2009). Oxidation of the major
atmospheric VOCs leads to a variety of organic nitrate products
are mostly multifunctional (Day et al., 2010). Nitrate measured
by HR-ToF-AMS is the total nitrate functionality both from
inorganic nitrates and organic nitrates. The direct way to
measure organic nitrates is not available now. Several methods
to calculate organic nitrates with the HR-ToF-AMS were
presented in the works by Farmer et al. (2010), Xu et al. (2015)
as follows: (1) NOx ratio; (2) HNOs/NOy ratios; (3) CxH,O,N*
fragments; (4) ammonium balance; (5) difference between total
and inorganic NOg3; (6) PMF analysis.

NOf ratio method is based on the NO*/NO} ratio in the AMS
mass spectra and verified to be more reliable (Farmer et al.,
2010; Xu et al., 2015). The observed NO*/NO3 ratio is different
for organic nitrates and NH4;NO3. The NOj, ratio is approxi-
mately 10 from the unit mass resolution m/z of 30 and m/z of
46 of aerosols derived from the reaction of NO; + beta-pinene,
10-15 for aerosols derived from NO; + monoterpene, about 5
for NO5 + isoprene, which were found to be much larger than
that of NH4NOs (Fry et al., 2009; Bruns et al., 2010; Farmer et al.,
2010) (Table 1). As NO ratios are different for organic nitrates
and NH,NOs, Farmer et al. (2010) and Xu et al. (2015) presented
the method to calculate organic nitrates by Egs. (1)-(4):

~ (Rops—Ran)(1 + Ron)
*~ (Ron—Raw)(1 + Rape) 1)

NOZ,obS X (Rabs _RAN)

Ni OZ‘org =

(Ron—Ran)
Noo,—g = RON X NOz‘mg (3)
NO3 org = NO3 org + NOgrg )

The fraction of organic nitrates group in the total nitrate signal
(x) can be estimated by Eq. (1). Rops is the NOj ratio from

observation, Ray is the NOj ratio from pure ammonium nitrate,
Ron is the NOj ratio from organic nitrates, NOgg and NO, o is the
concentration of fragments NO* and NOj in organic nitrates,
NOs,rg is the concentration of organic nitrates. The Ran was
determined from the ionization efficiency (IE) calibration using
300 nm ammonium nitrate particles (Xu et al., 2015). Roy is the
NOx ratio for organic nitrates, but the time series of Roy cannot be
applied in Egs. ((1)—(2)) since it is unavailable to measure every
ambient organic nitrate species required by time-dependent Roy.
Ran and Roy are reported vary between different instruments (Fry
et al., 2009; Farmer et al., 2010; Rollins et al., 2010; Bruns et al.,
2010; Boyd et al., 2015). Ran in this study varied between 2.88-3.18,
and the mean value (3.02 + 0.09) was used to calculate the range
of Ron.

1.4. PMF analysis method

Positive matrix factorization (PMF) (Paatero and Tapper, 1994)
analysis was used to identify major organic component with
the data and error matrix generated with the fragmentation
waves selected in PIKA. High-resolution organic mass spectra
data collected by AMS has been analyzed by PMF evaluation
tool developed by Ulbrich et al. (2009) for many previous field
campaign (Huang et al., 2012, 2013; Hu et al., 2016). The error
matrix was calculated as the sum of Poisson ion-counting
error and electronic error for the fragments (Allan et al., 2003;
Ulbrich et al., 2009). Signal to noise ratio (SNR) was a standard
for preparing the data matrix: ions with 0.2 < SNR < 2 were
regarded as weak ions and downweighted by a factor of 2;
while ions with SNR < 0.2 were classified into bad ions and
removed from the analysis (Paatero and Hopke, 2003). Because
of the relationship with CO3, the ions of O*, HO*, H,0*, and
CO" were downweighted as the m/z of 44 related species from
the data and error matrices to avoid over weighting of CO3
(Ulbrich et al., 2009). The rotational ambiguity was tested by
the change of parameter FPEAK and the robustness of PMF
solutions was evaluated by changing parameter seed. Huang
et al. (2010) and He et al. (2011) presented the principles of the
selection of the optimal solution in detail: Q/Qexpected Tatio (Q
and Qexpectea refer to the actual and ideal sum of the squares
of PMF least square fitted scaled residuals), the characteristic
of different mass spectrums, the time series and correlation
with external tracers of each factor.

PMF analysis of this campaign was conducted based on the
high-resolution mass spectrums for 1 to 8 factors with FPEAK
varying from -1 to 1 (seed = 0) in increment of 0.1 and seed
varying from 0 to 250 in step of 10 (FPEAK =0) in this
campaign. As discussed in Table 2, the three factors, FPEAK =
0, seed = 0 solution was chosen as the optimal solution for this
study, including a hydrocarbon-like organic aerosol (HOA), a

Table 1 - Values of Rayn/Ron and Roy referred to previous
studies.

Species Ron/Ran Ron Reference
Six organic nitrate  2.25+0.35 5.98 + 0.17 Farmer et al. (2010)
standards
Isoprene 2.08 5.53 + 0.06 Bruns et al. (2010)
Beta-pinene 399 £0.25 10.61+0.09 Boyd et al. (2015)

Aromatic VOCs 2.49 6.62 + 0.06 Sato et al. (2010)
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semi-volatile oxygenated organic aerosol (SV-OOA) and a
less-volatile oxygenated organic aerosol (LV-OOA).

2. Results and discussion
2.1. PM; chemical compositions

Fig. 1a shows the time series of the mass concentration of all
the species measured by AMS and Aethalometer during the
campaign in Xiamen. The hazy periods were relatively short
because of the frequent rain and strong winds during the
campaign. The mean PM; (the sum of species measured by
AMS and BC from Aethalometer) mass concentration was
46.2 + 26.3 ng/m>, ranging in 2.7-164.4 ng/m>. The particle
mass concentration measured with a collocated Scanning
Mobility Particle Sizer (SMPS, TSI) by assuming spherical
particles was calculated from the number size distribution
between 15 and 600 nm in Stocks diameter (equal to 22-900 nm
in vacuum aerodynamic diameter). The mean value of the PM;
density calculated with Eq. (5) was 1.54 + 0.04 g/cm?, where, p is
the density of PM;, M and V are the mass concentration and
volume concentration of PMj, respectively, [SO37], [NO3], [NHZ],
[CI7], [Org] and [BC] are the mass concentration of sulfate,
nitrate, ammonium, chloride, organics and black carbon,
respectively. The linear correlation coefficient (R?) of PM; and
SMPS mass concentration calculated with SMPS volume con-
centration and density from Eq. (5) was 0.88, with a slope of 1.1
(Fig. 1b). The composition-dependent CE of AMS used in this
study seems to be reasonable when taking into account the
measurement uncertainties of both AMS and SMPS, though
there may be possibly a positive bias for the slope of 1.1, which
is indicative of underestimation of aerosol density to some
extent which may be caused by the uncertainties of calculation
or trace metals in PM;. On average, organics and sulfate were
the most abundant PM; components, accounted for 28.3% and
24.9% of the PM,, respectively, followed by nitrate (20.6%),
ammonium (16.2%), black carbon (8.9%) and chloride (1.1%) as
shown in Fig. 1c.

. g . / ([So?;} [Nos] | [NH;] [cI']  [Org] @) )

178 + 1.72 175 155 12 17

Fig. 1d shows the relative contributions of different species
as a function of the total mass concentration. The relative
contribution of organics and ammonium kept a relatively stable
fraction of ~29% and ~16%, respectively, the relative contribu-
tion of sulfate was decreasing with the increasing of PM; mass

concentration, while nitrate showed a reverse trend, suggesting
that photochemical reactions played an important role in the
formation of PM; pollutants. The contribution of nitrate showed
a significant increasing trend (from ~10% (at mass concentra-
tion <30 pg/m?) to ~28% (at mass concentration >130 pg/m?))
while that of sulfate showed a decreasing trend (from ~32% (at
mass concentration <30 pg/m®) to ~16% (at mass concentration
>130 pg/m?)) as the increasing of PM; mass concentration. This
feature can also be figured out in the time series of nitrate and
sulfate in Fig. 1a. It can be thus inferred that NOy emissions
contributed largely during heavy polluted period in Xiamen.

2.2. Diurnal cycle of PM; species

The mean diurnal variations of different PM; species during
the campaign in box plots are presented in Fig. 2. The diurnal
variations of submicron particles are affected by various
factors. The higher planetary boundary layer (PBL) in the
daytime is considered to be the crucial factor that led to the
decreasing of PM; mass concentration, while the sunlight
would initiate photochemical formation of secondary species,
such as organics, nitrate and sulfate (Zhang et al.,, 2005b;
Salcedo et al., 2006; Hennigan et al., 2008; Zheng et al., 2008;
Xiao et al., 2009). The diurnal variations of chloride and black
carbon showed a similar peak at about 7:00 a.m. mainly
caused by the rush hour traffic emissions in the early
morning, it then went down due to the lift of the boundary
layer. On the other hand, the diurnal variation of chloride can
also be influenced by the ambient temperature due to the
semi-volatility of NH4Cl. Therefore, it was found that the mass
concentration of chloride went down more deeply in the
daytime because of the rising of the ambient temperature.
After the peaks of chloride and BC, the diurnal variation
showed a small peak for nitrate and sulfate in sequent at
around 8:00 a.m., implying that nitrate and sulfate were
secondarily formed after the rush hour traffic emissions.
Nitrate, sulfate and organics all showed a slight peak in the
afternoon, possibly being a balanced result of secondary
formation and PBL dilution. Sulfate kept a relatively stable
diurnal trend, which implies that sulfate was mostly from
large-scale regional transportation, being a more regional
product from the oxidation of SO, (Salcedo et al,, 2006), so
sulfate could be mixed thoroughly and less influenced by the
change of PBL. And also, sulfate was a less-volatile species and
thus would not evaporate to loss its particulate mass during the
daytime when the ambient temperature is increasing. The
diurnal variation of ammonium was a combined result of

Table 2 - Diagnostics and description of PMF solutions.

No. of factors FPEAK Seed  Q/Qexpected Diagnostics and description
1 0 0 2.2 Only one factor, larger residuals at some key m/z and time periods
0 0 1.6 Factors are too few, only HOA and OOA are identified, the spectra and time series were

misted with each other

3 0 0 1.48 Optimum number of factors, HOA, SV-OOA and LV-OOA are identified, and the time
series correlated well with tracers

4-8 0 0 1413 The factors were split

3 -1tol 0 1.47976-1.4865  Q/Qexpected lowest at FPEAK of 0

3 0 0-250 1.47979 MS and time series are identical as seed varies from 0 to 250
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2015.

particulate (NH,4),SO, and NH4NO;. Organics showed a much
more complex diurnal variation as the outcome of many
different types of organic compounds that emitted by various
primary and secondary sources which will be discussed in
Section 2.5.

2.3. Size distribution

The average size distribution of all the five species measured
by AMS is shown in Fig. 3a, notice that the mass loading of
chloride was multiplied by 100 to make it much more
comparable with other species within the same scale. All the
species were in accumulation modes peaking at 500-600 nm,
which is indicative of aged regional aerosol (Allan et al., 2003;
Alfarra et al.,, 2004; Zhang et al., 2005b). The size distribution of
organics showed was much broader at smaller size and the
integral mean value of the size was at ~400 nm for organics,
while it was at ~550-600 nm for all the inorganic species.
The similar average size distribution of the inorganic
species indicated that they were likely internally mixed and
came from similar gas-to-particle condensation processes.
Similar size distribution of the non-refractory species was
also observed in urban sites, such as Beijing (Huang et al.,
2010) and Shenzhen (He et al., 2011). It is clear that the size
distribution of organics was much wider than other species,

especially at smaller sizes. And the organics contributed
more and more to the total PM; mass with the decrease of
the size of the particles, which was reasonably due to the
fresh organic particles emitted by vehicles from the high-
ways around the site. The gap between sulfate and nitrate
was getting wider with the increase of the particle sizes,
indicating that more aged larger sulfate particles were
transported regionally.

Fig. 3b, ¢, d shows the relative size distributions of organics,
sulfate and nitrate as a function of the mass concentration of
organics, sulfate and nitrate, respectively. The relative size
distribution was calculated by normalizing the size distribution
with the corresponding mass concentration. With the increase
of mass concentration, the size distribution of organics and
nitrate would get wider, while sulfate peaked at large sizes and
the peak was narrowed. The characteristics indicated that
organics and nitrate formed locally played an important role
and sulfate was mainly dominated by regional transported
aerosols during heavy pollution.

2.4. Estimation of organic nitrates
Organic nitrates are important substituents in secondary

organic aerosols due to their important effects on nitrogen
cycle and ozone production. The nitrate functional group in
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Fig. 2 - Diurnal variation box plots of PM; species in Xiamen. The upper and lower boundaries of boxes indicate the 75th and
25th percentile; the lines within the box marks indicate the medians and the cross symbols represent the mean values.

organic nitrates accounts for 5-10% of organics (O’Brien et al.,
1975; Mylonas et al., 1991; Laurent and Allen, 2004). Xu et al.
(2015) showed that the nitrate functionality from organic
nitrates contributes 63%-100% to the total measured nitrates
in summer and the contribution of organic nitrates to total OA
is 5%-12% in summer, but organic nitrates in the atmosphere
are rarely studied in China.

The organic nitrates are calculated by NO; ratio method
with the NO'/NOj ratio from the AMS mass spectra as
discussed in Section 1.3. The organic nitrates formed from
isoprene and beta-pinene was selected as representatives
because they can cover a wide range of Roy values as shown in
Table 1 and provide a better estimate of organic nitrates. The
organic fraction of the organic nitrates molecules was
assumed to be 200 g/mol per ONO, group by Farmer et al.
(2010). The nitrate functionality from organic nitrates to total
nitrate ratio was calculated to be 9.0-13.8% in this study,
which is quite low compared to the ratio measured in summer
in the US reported by Xu et al. (2015). The organic fraction of
the organic nitrates may account 21.0-32.5% (2.8-4.3 pg/m?) of
the total organics measured by AMS, which shows that
organic nitrates was an significant source for organic aerosol
pollution in Xiamen.

2.5. PMF analysis

Organics was one of the most important submicron particulate
air pollutants in Xiamen, and it was much more complicated
than inorganics because of the various emission sources and
affected by many factors as discussed above. Positive matrix
factorization (PMF) was conducted and analyzed based on the
high-resolution mass spectrums measured with HR-ToF-AMS
as showed in Section 1.3. Based on all the tests, the three
factors, FPEAK = 0, seed = 0 solution was chosen as the optimal
solution for this study, including a hydrocarbon-like organic
aerosol (HOA), two oxygenated organic aerosol (SV-OOA and
LV-OO0A). Fig. 4 shows the MS profile of the three components
and Fig. 5a—c presents the time series during the campaign.
As shown in Fig. 5d, HOA, SV-OOA and LV-OOA on average
accounted for 27.6%, 28.8% and 43.6% of the total organic mass,
respectively. The organic mass to organic carbon ratio (OM/OC),
oxygen to carbon ratio (O/C) and hydrogen to carbon ratio (H/C)
were calculated with the Improved Aiken (I-A) method described
in Canagaratna et al. (2015), which will be more reasonable than
the traditional Ambient Aiken (A-A) method (Aiken et al., 2007,
2008). The Improved-Ambient method elemental analysis
was applied to previously published ambient datasets by
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Fig. 3 - (a) Average size distributions of the AMS species; (b-d) the variations of relative size distribution of organics, sulfate,
and nitrate with mass concentration. The white lines in Fig. 3b-d stand for the frequencies of the species mass concentration

levels occurred during the campaign.

Canagaratna et al. (2015) and showed an increase of the O/C, H/
C, OM/OC values of total OA by 27%, 11%, 9% on average,
respectively, indicating that the oxygen content of ambient OA
is larger than reported by previous AMS measurements. All the
elemental ratios in this paper are in I-A method if there is no
additional illustration.

The O/C of HOA was 0.26 (0.21 in A-A) in Xiamen campaign,
and it is generally low and dominated by the long chain
hydrocarbon ion series of C,H3,,1 and C,H3,_;, which was
consistent with the clear hydrocarbon signatures in the spectrum

(Canagaratna et al.,, 2004; Mohr et al., 2009; Ng et al.,, 2010). As
shown in previous factor analyses of AMS ambient aerosol
datasets, HOA was mainly attributed to primary fuel combustion
sources (Zhang et al., 2007; Lanz et al., 2007; Ulbrich et al., 2009).
Since black carbon (BC) can be significantly emitted from fuel
combustion and biomass bumning, the time series of HOA
correlated well with that of BC (R? = 0.60). The quite similar
diurnal variations of HOA and BC confirming that fuel combus-
tion can be an obvious source for HOA. The HOA in Xiamen had a
similar O/C to HOA identified in previous studies in Mexico City
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0.15 C,H,0, C,H,N,” C,H,O,N," H,0 O/C: 0.98
= 0.10 H/C: 1.44
N/C: 0.06
g 005 . OM/OC: 2.50
&» 0.00
< 008r 0/205\26
O 0.06fF -9
H/C: 1.80
5 0.04f N/C: 0.03
s 0.02F OM/OC: 1.54
% 0.00 M.
S 0.08 S/VC'-O 004’2
% 0.06 H/C: 1.65
0.04 N/C: 0.05
0.02} OM/OC: 1.84
0.00 e R LT L s O trccri oot o i N i
20 40 60 80 100 120 140 160 180 200
m/z (amu)

Fig. 4 — MS profiles of the three organic components identified by PMF.
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(0.16 in A-A) (Aiken et al., 2009) and Beijing (0.17 in A-A) (Huang
et al., 2010).

The MS of the two oxygenated organic aerosol, which were
both characterized by prominent C,H,O, fragments, especially
CO3 (m/z 44) and C,H3;0" (m/z 43), had O/C ratios of 0.48 for
SV-OOA and 0.98 for LV-OOA in I-A method, respectively,
indicating the presence of large amounts of oxidized organic
compounds. The mass spectra showed different relative
intensities of m/z 44, which can be used to classify these
two OOA (Ng et al, 2010). SV-OOA, referred to semi-volatile
oxygenated organic aerosol, is less oxidized and fresher than
LV-O0A, which is referred to less-volatile oxygenated organic
aerosol (Jimenez et al., 2009; Ng et al., 2010). The fraction of m/z
43 to organic mass (f43) is higher for SV-OOA and relatively
lower for LV-OOA (Canonaco et al., 2015). With the elemental
ratio calculated in A-A method, the O/C of SV-OOA and LV-OOA
in Xiamen was 0.37 and 0.80, respectively. They are comparable
to the O/C ratios reported by Ng et al. (2010): a wide range of O/C
ratio for both LV-OOA (0.73 + 0.14) and SV-OOA (0.35 + 0.14) in
A-A method. The two types of OOAs have been identified in

many AMS aerosol datasets and shown to be a good surrogate of
SOA (Zhang et al., 2005a, 2007; Jimenez et al., 2009; Ng et al.,
2010). Due to the low volatility of LV-OOA and sulfate,
semi-volatility of SV-OOA and nitrate, LV-OOA showed a better
correlation with sulfate (R? = 0.51) rather than with nitrate (R =
0.42) and SV-OOA correlated better with nitrate (R? = 0.45)
rather than with sulfate (R* = 0.31), as what was shown in
previous studies (Docherty et al., 2008; Huffman et al., 2009;
Jimenez et al., 2009; Ng et al., 2010).

The diurnal patterns of the three organic components
showed the time delay of the daytime peaks as reported
previously (Jimenez et al., 2009; Huang et al.,, 2010). They
showed the continuous chemical evolution of OA from HOA to
SV-00A, and then the oxidation from SV-OOA to LV-OOA, as
OA was being oxidized in the atmosphere. The diurnal
variation of HOA showed a daily peak at the early morning
as HOA was emitted during early rush hour, and then
decreasing at noon and increasing at night because of the
volatility and the changing of planetary boundary layer
height. As for the small peak of HOA at around 1:00 a.m., it
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was very likely to be a result of more diesel vehicles running
due to less traffic restriction at midnight. SV-OOA showed a
peak after that of HOA due to the oxidation of HOA and VOCs
and then decreasing because of the semi-volatile character and
the lifting of the planetary boundary layer, while the diurnal
variation of LV-OOA exhibited a later peak at about 14:00 as
LV-OOA is expected to be formed by photochemical aging of
SV-O0A and has less volatility (Fig. 5d). The increasing rate of
LV-OOA was much larger than that of SV-O0A, suggesting that
the evolution from SV-OOA to LV-OOA was much stronger than
that from fresh local emissions of VOCs or HOA to SV-OOA. So it
can be inferred that SOA in Xiamen was greatly influenced by
regional aged air mass. OOA was considered as the sum of
LV-OO0A and SV-0O0A, it showed a much better correlation with
the sum of sulfate and nitrate (R? = 0.61), further confirming the
characteristic of OOA as secondary organic aerosol.

2.6. Relationship of wind and submicron particles

The removal and transportation of submicron particles are
deeply influenced by the wind direction and wind speed.
TAQMN (Taiwan Air Quality Monitoring Network) showed the
combination of long-range transport and local emission
sources was an important reason for the accumulation of air
pollutants in the offshore and coastal regions (Tsai et al,,
2010).

Fig. 6 presents the mass concentration distribution of the
chemical species related to the wind speed and wind direction
in Xiamen. The major chemical species can be categorized
into three similar pairs (LV-OOA and S02-, SV-O0A and NO3,
HOA and BC) by the mass concentration distribution with
wind. All the species showed the highest mass concentration
while the wind came from southeast with the wind speed
between 1 and 3 m/s, indicating that there was important
pollution input from the southeast. Since the remote area to
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the southeast of Xiamen is just the sea, the potential sources
are inferred to be the local emissions in the southeast area of
Xiamen. When there was a calm wind, BC and HOA also
showed more frequent high mass concentrations, suggesting
that fresh local emissions around the sampling site accumu-
lated at this time. In comparison, SOz~ and LV-OOA showed a
little more uniform distribution, consistent with the fact that
they are more oxidized and aged species and are influenced
more by regional transport through the Taiwan Strait. The
distributions of SV-OOA and NO3 seemed to be a moderate
case between those of the other two pairs.

3. Conclusions

Based on the Aerodyne HR-ToF-AMS measurement at a subur-
ban site in Xiamen in May 2015, the chemical composition of the
aerosols and source apportionment were obtained.

The mean PM; mass concentration was 46.2 + 26.3 pg/m>,
ranged from 2.7 ug/m?® to 164.4 ug/m® in 5 min time resolution.
Organics, sulfate and nitrate were the most abundant species,
accounted for 28.3%, 24.9% and 20.6%, respectively, followed by
ammonium (16.2%), black carbon (8.9%) and chloride (1.1%). The
percent of nitrate in total PM; mass increased the largest
when PM; mass concentration increased, showing that NOy
emissions played a key role in high fine particle pollution in
Xiamen. Evaluation of nitrate size distribution further indicated
that local formation of nitrate on smaller particles are an
important process for high nitrate pollution. In addition, the
nitrate functionality from organic nitrates was found to account
for 9.0-13.8% of the total nitrate.

PMF analysis results showed that OA can be divided into
three subtypes, including primarily-emitted hydrocarbon-like
OA (HOA), semi-volatile oxygenated OA (SV-OOA) and less-
volatile oxygenated OA (LV-OOA). OOA totally accounted for
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Fig. 6 - Distribution of the major submicron particle species with wind direction and speed in Xiamen.



302 JOURNAL OF ENVIRONMENTAL SCIENCES 52 (2017)293-304

about 72.4% (LV-OOA and SV-OOA accounted 43.6% and 28.8%,
respectively) of OA, indicating that SOA dominated the OA in
Xiamen and the sum of LV-OOA and SV-OOA showed high
correlation with the sum of SO3~ and NO3, verifying that they
are formed by secondary reaction rather than being emitted
directly. Generally, the strong evolution from SV-OOA to
LV-OO0A in the daytime suggested that SOA in Xiamen was
greatly influenced by regional transport.

The correlation of the mass concentrations of major species
with wind direction and wind speed revealed that they were all
influenced by strong local sources in the southeast area of
Xiamen, while SOz~ and LV-OOA were relatively more influenced
by regional transport.
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