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Abstract

In order to understand the aging and processing of organic aerosols (OA), an in-
tensive field campaign (Campaign of Air Pollution at Typical Coastal Areas In East-
ern China, CAPTAIN) was conducted in March–April at a receptor site (Changdao
Island) in Central Eastern China. Multiple fast aerosol and gas measurement instru-5

ments were used during the campaign, including a high resolution time-of-flight aerosol
mass spectrometer (HR-ToF-AMS) was applied to measure mass concentrations and
non-refractory chemical components of submicron particles (PMnr

1 ). The average mass
concentration of PM1 (PMnr

1 +black carbon) was 47±36 µg m−3 during the campaign
and showed distinct variation depending on back trajectories and their overlap with10

source regions. Organic aerosol (OA) is the largest component of PM1 (30 %), followed
by nitrate (28 %), sulfate (19 %), ammonium (15 %), black carbon (6 %), and chloride
(3 %). Four OA components were resolved by Positive Matrix Factorization (PMF) of the
high-resolution spectra, including low-volatility oxygenated organic aerosol (LV-OOA),
semi-volatile oxygenated OA (SV-OOA), hydrocarbon-like OA (HOA) and a coal com-15

bustion OA (CCOA), reported here for the first time. The mass spectrum of CCOA has
high abundance of fragments from polycyclic aromatic hydrocarbons (PAHs) (m/z 128,
152, 178 etc.). The average atomic ratio of oxygen to carbon in OA (O/C) at Chang-
dao is 0.59, which is comparable to other field studies reported at locations downwind
of large pollution sources, indicating the oxidized nature of most OA during the cam-20

paign. The evolution of OA elemental composition in the Van Krevelen diagram (H/C
vs. O/C) shows a slope of −0.63, however, the OA influenced by coal combution ex-
hibits a completely different evolution that appears dominated by physical mixing. The
aging of organic aerosols vs. with photochemical age was investigated. It is shown
that OA/∆CO, as well as LV-OOA/∆CO and SV-OOA/∆CO, positively correlated with25

photochemical age. LV-OOA accounted for 73 % of the OA secondary formation in the
oldest plumes (photochemical age of 25 h). The kOH at Changdao by assuming SOA
formation and aging as a first-order process proportional to OH was calculated to be
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is 5.2×10−12 cm3 molec−1 s−1 which is similar to those determined in recent studies of
polluted air in other continents.

1 Introduction

The primary sources and secondary formation of fine particles are key issues in the
quantification of aerosol effects on regional air quality, climate change and human5

health. A major uncertainty at present are the sources, fate and aging of organic
aerosols (OA), which are still not well understood due to their extremely complex com-
position, properties, and reaction pathways. This is especially true for the secondary
organic aerosols (SOA) formed from chemical reactions of gas-phase species (Hall-
quist et al., 2009). Tackling this challenge requires application and improvement of10

advanced instrumentation and data analysis techniques.
The recently developed high-resolution time of flight aerosol mass spectrometer (HR-

ToF-AMS) has been widely used to investigate the properties and dynamic evolution
of organic aerosol, thanks to its fast response (seconds to minutes), low detection
limits (typically < 0.2 µgm−3 in 2 min for OA) and ability to provide some composition15

information on the bulk OA. By analyzing the high-mass-resolution AMS spectra with
a factor analysis technique (e.g. positive matrix factorization, PMF), OA measured by
AMS can often be apportioned to several components, including hydrocarbon-like or-
ganic aerosol (HOA) regarded as a surrogate of anthropogenic primary organic aerosol
(POA), and oxygenated organic aerosol (OOA), typically a surrogate for SOA (Zhang20

et al., 2005a). Other POA components have been reported at some locations such as
biomass burning OA (Aiken et al., 2010) and cooking OA (Huang et al., 2010; Hayes
et al., 2012). OOA factors with different oxidation states were recognized, with low
volatility OOA (LV-OOA) typically representing aged SOA and semi-volatile OOA (SV-
OOA) representing freshly formed SOA (Huang et al., 2010; Sun et al., 2011; Ulbrich25

et al., 2009). Bulk OA evolution from HOA dominance to SV-OOA and then to LV-OOA
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dominance have been observed in laboratory studies and the ambient measurements
(Jimenez et al., 2009).

Large gaps between modeled and measured SOA have been reported in many
polluted areas (Volkamer et al., 2006; Heald et al., 2011). Many hypotheses have
been proposed to explain the model-measurement differences, including higher SOA5

yields from the anthropogenic precursors at both high-NOx and low-NOx conditions (Ng
et al., 2007); formation of SOA in the aerosol water phase by soluble volatile organ-
ics (Volkamer et al., 2007); gas/particle partitioning and oxidation of previously ignored
semivolatile/intermediate volatile organic compounds (SVOCs/IVOCs) (Robinson et al.,
2007). However, while the net effect of SOA formation and aging processes in polluted10

areas is better constrained (Hodzic and Jimenez, 2011), the actual pathways respon-
sible for the observed SOA are still unclear (Hodzic et al., 2010; Dzepina et al., 2011;
Ervens et al., 2011). Elemental ratios (O/C and H/C) of organic aerosols have been
shown to be useful bulk properties to probe OA sources and evolution without consid-
ering detailed molecular structures (Aiken et al., 2008; Jimenez et al., 2009). In recent15

studies, O/C has been used as an independent variable in the two-dimension volatil-
ity basis set (VBS) model as a constrained parameter in order to improve predictions
of thermodynamic properties of SOA (including organic mixing, polarity and oxidation
chemistry etc.) (Donahue et al., 2011).

Multiple results based on satellite (Velders et al., 2001), field (Zhang et al., 2007), and20

modeling studies (Spracklen et al., 2011) revealed that Central Eastern China (Include
two of the biggest megacity clusters of China: Beijing-Tianjin area and Yangzi River
Delta area) has severe air pollution problems associated with high population and ac-
tivity density. Average concentration of fine particles in Beijing, the largest megacity in
Central Eastern China, was found to be among the highest in the world and its value is25

even twice higher than that in Mexico city (Zhang et al., 2007). Primary sources such as
coal combustion and traffic emissions are recognized as important contributors mostly
to fine particles in the winter of Central Eastern China and SOA formation dominated
the fine particle mass in the summer time (Wang et al., 2009).
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An intensive field campaign was conducted at a regional receptor site in Central East-
ern China. A high-resolution time of flight aerosol mass spectrometer (HR-ToF-AMS)
coupled with other instruments were deployed at the site. This study had four main
objectives: (1) an overview of time series, chemical composition and size distributions
of submicron particles in the continental outflow of Central Eastern China. (2) A study5

of OA primary and secondary components using Positive Matrix Factorization (PMF)
of high-resolution AMS data; (3) an analysis of bulk elemental composition (O/C, H/C
and N/C) of OA; (4) the evolution of OA, PMF components, and OA elemental ratios
with photochemical age.

2 Measurements10

2.1 Sampling site

One of intensive field campaigns (Campaign of Air Pollution at Typical Coastal Areas
In Eastern China, CAPTAIN) at the island of Changdao (37.99◦ N, 120.70◦ E) was con-
ducted in the Spring from 21 March to 24 April 2011. Changdao Island (22 km2) is
located off shore to the east edge of Central Eastern China and lies between the15

Jiaodong and the Liaodong Peninsula in the Bohai Sea (see Fig. S1 in Supplement),
and can be classified as a location downwind of major pollution sources from Cen-
tral Eastern China. The sampling site was located on the north coast on a hill at
∼50 ma.s.l. The observation site was surrounded by sea on three sides and connected
with land on the south direction.20

2.2 HR-ToF-AMS operation

The mass concentrations and size distributions of submicron non-refractory species
(PMnr

1 ) including organic aerosol (OA) and inorganic aerosols (sulfate, nitrate, ammo-
nium, chloride) were measured by HR-ToF-AMS (Aerodyne Research, Inc.). The high
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mass resolution of the HR-ToF-AMS has a greatly improved ability to identify and quan-
tify ions at the same integer m/z (DeCarlo et al., 2006). For the sake of simplicity we
will refer to this instrument as “AMS” in the following discussion.

Ambient air was sampled through a PM2.5 cyclone to remove coarse particles, which
was set on the roof of the sampling room, then passed through a 3/8 inch copper5

tube (about 3 m long) at a flow rate of 10 Lmin−1. Air subsampled isokinetically into
the AMS from the center of the copper tube at a flow rate of ∼0.09 Lmin−1. A nafion
dryer (Perma Pure, Inc.) was used to dry the sampled air stream, which kept relative
humidity (RH) of air below 30 % at the AMS.

During the campaign, the AMS was alternated between V-mode and W-mode every10

2 min. In V-mode the instrument alternated in steps of 10 s between mass spectrum
(MS) mode for total submicron mass concentrations and mass spectra, and 10 s in
particle time-of-flight (PToF) mode to measure chemically-speciated particle size dis-
tributions. In W-mode only MS mode was used. Ionization efficiency (IE) calibrations
were conducted every 5–7 days during the entire campaign (7 times in total), using15

size-selected 400 nm pure ammonium nitrate particles. The ratios of IE to N+
2 “airbeam”

signal (AB) were very stable for the whole campaign, with variations less than 10 %.
Flow rate and sizing calibrations were carried out before and after the campaign. The
lens pressure for the sizing calibrations was within 15 % of those during the field study.
Monodisperse polystyrene latex spheres (PSLs, density= 1.05 gcm−3) (Duke Scien-20

tific, Palo Alto, CA, US) with nominal standard diameters of 100–900 nm, as well as
SMPS selected 50–600 nm pure particles of ammonium nitrate, were introduced into
the AMS as sizing standards. The m/z calibration and the baseline and threshold pa-
rameters of the data acquisition board were checked every 2–3 days, and were very
stable.25

Detection limits (DLs) of species measured by AMS were determined as 3 times
of the standard deviations of mass concentrations in particle-free air through a high
efficiency particulate air (HEPA) filter (Zhang et al., 2005a; DeCarlo et al., 2006). The
DLs of AMS for different species during the Changdao campaign are listed in Table 1,
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and were much lower than typical measured concentrations, providing high signal-to-
noise measurements. As expected the DLs in W-mode are slightly higher than the
values of V-mode for organics and nearly twice for the inorganics.

2.3 AMS data analysis

The concentrations and size distributions of PMnr
1 species from V-mode were obtained5

after analysis with the standard ToF-AMS data analysis software packages (SQUIR-
REL version 1.51H and PIKA version 1.1). High resolution mass spectra from W-mode
were also extracted. The default user-defined fragmentation table was applied to the
Changdao AMS data analysis, with some adjustments based on standard procedures
for m/z’s 15, 16, 29, 44 etc. The default relative ionization efficiency (RIE) values were10

used for this campaign, except for ammonium for which RIE= 5.0 was used based on
the IE calibrations.

A particle collection efficiency (CE) is needed to account for particle bounce losses
on the AMS vaporizer (Eb) as a function of particle size (Canagaratna et al., 2007).
Extensive inter-comparisons across many field studies have shown that CE= 0.5 is15

the correct value at most field locations (Aiken et al., 2009; Canagaratna et al., 2007;
Sun et al., 2011; Zhang et al., 2005a). After using CE= 0.5 to calculate AMS mass
concentrations, the AMS performance and quantification in this study were evaluated
with inter-comparisons between AMS and collocated instruments. Good correlation
between AMS and on-line EC/OC analyzer for organic aerosols (R = 0.81), as well as20

AMS and GAC-IC for inorganic aerosols (R = 0.88–0.95) were found (Figs. S3 and 4).
The PM1 concentration from AMS species+BC are also very similar to the integrated
particle mass concentrations (15–600 nm) from SMPS, with a correlation coefficient of
0.92 and a slope of 0.96 (Fig. S5). The general mass concentrations trends of differ-
ent aerosol species are reproduced by each pair of instruments, which validates the25

reliability of AMS results measured.
In some cases, CE of ambient particles can reach higher values for high humidity

inlet conditions, strongly acidic sulfate aerosols, and high ammonium nitrate content
10816
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(Middlebrook et al., 2011). Since the sampled air into AMS was dried, most of the
aerosols were neutralized (see Fig. S2 in the Supplement), and the comparison results
between AMS and collocated measurements (GAC and SMPS) were good (Figs. S3–
5), a CE of 0.5 is finally used in the Changdao campaign.

Compared with the lower mass resolution spectra from V-mode, the HR mass spectra5

from W-mode provides a better separation of different organic components in positive
matrix factor (PMF) analysis, especially for datasets such as this study with high con-
centrations and thus good signal-to-noise in W-mode spectra. The OA mass spectral
matrix over the m/z range 12–196 was utilized in the PMF analysis. PMF analysis
procedures for AMS datasets have been described by Ulbrich et al. (2009) and Zhang10

et al. (2012). Detailed information about PMF results and selection of the best solution
is presented in part 6 of the Supplement.

2.4 Other instruments

During the campaign, there were many collocated fast response aerosol and gas mea-
surement instruments besides the AMS. Those whose data is used in the paper are15

briefly introduced below.
Black carbon (BC) was measured by Aethalometer (Magee Scientific) with a time-

resolution of 2 min and a PM2.5 size cut. The particle number size distribution between
15–600 nm was measured with a scanning mobility particle sizer (SMPS, TSI Incorpo-
rated). A custom-built gas and aerosol collector (GAC) combined with ion chromatog-20

raphy (IC) was used to measure water soluble inorganic components in PM2.5 (sulfate,
nitrate, chloride, ammonium sodium). The time-resolution of GAC-IC is 30 min. De-
tailed information on performance and calibration of the GAC-IC has been presented
elsewhere (Dong et al., 2012).

A commercial proton transfer reaction-mass spectrometer (PTR-MS, Ionicon) with25

a time resolution of 30 s, and a custom-built on-line GC-MS/FID with a time-resolution
of 1 h were used to measure multiple volatile organic compounds (VOCs) (Yuan et al.,
2010). Concentrations of naphthalene, acetonitrile, benzene, toluene and acetalde-
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hyde from PTR-MS and ethylbenzene and m+p-xylene from GC-MS/FID are used in
this study. Concentrations of CO and O3 were measured by an enhanced trace level
CO analyzer (48C, Thermo Environment Inc. (TEI), US) and an UV absorption ozone
analyzer (49C, Thermo Environment Inc. (TEI), US) with an integration time of 1 min.
A summary of instrument parameters is presented in Table S1.5

3 Results and discussion

3.1 Time series, chemical compositions and size distributions of PM1

In order to focus on the regional contribution to fine particle concentrations at Chang-
dao, periods strongly influenced by local coal combustion and biomass burning were
excluded by recognizing concentration peaks of their corresponding indicators that10

acetonitrile and naphthalene, respectively. A detailed description of the period selec-
tion filtering processes can be obtained in the part 4 of the Supplement. Time se-
ries for PM1 species during the whole campaign are shown in Fig. 1, together with
variations of meteorological parameters. The mass concentration of PM1 species var-
ied drastically between different periods and was very sensitive to transport directions15

of plumes. High concentrations were observed when air masses came from south or
southwest areas with high emission density of air pollutants. The highest PM1 concen-
tration observed from southwest was 240 µgm−3. Clean episodes typically occurred
when transport of plumes from the North dominated, with an average PM1 concentra-
tion of 8.8±1.8 µgm−3.20

The statistics of concentrations of the chemical species in PM1 are summarized in
Table 2. The average PM1 concentration at the Changdao site is 47±36 µgm−3 (PMnr

1 :
42 µgm−3), which is similar to values measured at other downwind sites in China (35–
41 µgm−3) (Huang et al., 2011; Xiao et al., 2011) and is lower than the concentrations
in Beijing (2006 summer, 71 µgm−3, Sun et al., 2010; 2008 summer, 61 µgm−3, Huang25

et al., 2010), which is located upwind of Changdao. Other AMS results obtained at
10818
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different surface sites in the mid-latitudes of the Northern Hemisphere are shown in
Fig. S7 (Zhang et al., 2007). It shows that the average PM1 concentration at Chang-
dao is about 2–4 times higher than the values measured at downwind sites in other
regions, and higher than the concentrations measured at urban cities in US and Eu-
ropean countries (de Gouw et al., 2005; Jimenez et al., 2009). These comparisons5

emphasize the heavily polluted conditions for fine PM in Central Eastern China.
Organic aerosol (OA) is the most abundant species in PM1, accountings for 30 %

of total mass (Fig. 2a), followed by nitrate (28 %), sulfate (19 %), ammonium (15 %),
BC (6 %) and chloride (3 %). The relative contribution of each species to PM1 mass as
a function of the total PM1 mass are shown in Fig. 2c, together with a probability density10

distribution of the PM1 mass. When PM1 concentrations are below 10 µgm−3, OA com-
prises about half of PM1 mass, followed by sulfate (∼26 %), and nitrate (8 %). Nitrate is
the main contributor to the increases of PM1 concentration, when PM1 concentrations
are larger than 10 µgm−3. The high fractions of nitrate are found to be positively cor-
related with higher RH (> 65 %) and abundant nitrate precursors (NOx) from inland. In15

contrast to nitrate, sulfate maintains a pretty stable fraction (∼20 %) during the whole
campaign. As PM1 concentrations became larger, the fraction of BC decreases from
8 to 3 %, whereas the fractions of chloride increase slowly from 1 to 3 %, implying the
difference emission sources of the two species.

The observed total water soluble chlorides (including chlorides from sea salts) to20

Na ratio from GAC-ICs system is 3.8±2.6 , which is much higher than the ratio (1.8)
from fresh sea salt, indicating that over half of the fine chloride at Changdao may
also be emitted by anthropogenic sources. If we assume chloride detected by AMS
approximately corresponds to total non-sea salt chloride, the ratio between chloride
measured by AMS (1.3 µgm−3) and GAC-ICs (2.1 µgm−3) suggests that at least 57 %25

of total water soluble chlorides at Changdao are from anthropogenic sources, which is
consistent with the above estimate.

The average vacuum aerodynamic (dva) size distributions of AMS species are shown
in Fig. 2b, together with the integrated mass size distributions from SMPS. Sec-
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ondary inorganic aerosols (nitrate, sulfate and ammonium) show similar size distri-
bution shapes and have peaks at around 500–600 nm, indicating the internally mixed
conditions of secondary inorganics. The peak in size distribution (∼450 nm) of OA is
smaller than those of secondary inorganics, and it shows a broader size distribution
with mass enhancements at small sizes (100–200 nm), similar to results reported in5

other regions (Aiken et al., 2009; Huang et al., 2010; Zhang et al., 2005b). The small
size mode of OA is probably associated with primary emissions from vehicle or coal
burning or other primary sources (Canagaratna et al., 2004; Huang et al., 2010). OA
account for ∼40 % of PMnr

1 mass within the dva range 100–200 nm, and that fraction
is reduced to 28 % (Fig. 2d) at larger sizes. The fraction of nitrate is larger at higher10

dva. Sulfate displays a constant fraction of PMnr
1 with increasing size (∼20 %), implying

sulfate uniformly mixes with aerosols in a regional scope.

3.2 Investigating OA sources with PMF

Four OA components were identified from AMS spectra with distinct mass spectral
profiles and temporal variations: hydrocarbon-like OA (HOA, mostly from primary emis-15

sions), semi-volatile oxygenated OA (SV-OOA) that is a surrogate of fresher SOA, low-
volatility oxygenated OA (LV-OOA) for a surrogate of aged SOA (Jimenez et al., 2009),
and a coal combustion OA (CCOA) that is reported here for the first time to our knowl-
edge. The diagnostic plots and detailed descriptions of the PMF analysis can be found
in Part 6 of the Supplement. Detailed discussion of each OA component is below.20

3.2.1 Hydrocarbon-like OA (HOA)

The mass spectra of HOA is dominated by alkyl fragments (CnH+
2n+1: m/z 29, 43, 57,

71, 85, 99, ldots and CnH+
2n−1: m/z 27, 41, 55, 69, 83, 97, ldots) as shown in Fig. 3, sim-

ilar to previously reported reference spectra of HOA (Aiken et al., 2009; Huang et al.,
2010; Ng et al., 2011b). The O/C ratio of HOA at Changdao is pretty high (0.34) that25

is higher than the values (0.03–0.17) reported elsewhere, and was in the range of O/C
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ratios (∼0.24–0.42) from biomass burning (DeCarlo et al., 2010; Huang et al., 2010;
Jimenez et al., 2009). The high O/C ratio in HOA is caused by the high abundances
of oxidized fragment ions (CO+

2 and CO+), indicating the HOA resolved at Changdao
site is relatively oxidized. CO+

2 and CO+ ions totally contribute 60 % of the O ratios in
HOA. Although HOA shows a certain degree of oxidization, good correlations between5

HOA and primary emission species (NOx, benzene and BC) (Table S2) strongly sug-
gest that HOA arises from primary emission sources. The specific alkyl fragment ions
(C3H+

7 and C4H+
9 ) from m/z 55 and 57 are often used as tracers of primary sources

(Aiken et al., 2009). In this study, about 45 % and 55 % of the signal at C3H+
7 and C4H+

9
are contributed by HOA (Fig. 7). For the whole campaign, HOA accounts for 23 % of10

total OA mass on average, and shows the highest contribution (28 %) in the morning
(7–8 a.m.) and the lowest (19 %) in the afternoon, (Fig. 6b).

3.2.2 Coal combustion OA (CCOA)

Coal combustion accounts for about 25 % of the total world energy consumptions and
is expected to have an annual global consumption of 10.6 billion tons in 2030 with15

a current annual increase of 2–3 % (Zhang et al., 2008). Coal combustion has not
been reported to be an important source of OA in the US or Europe (Jacobson, 2002),
consistent with our understanding that combustion of coal in well-functioning pulverized
coal combustion power plants with emission controls are very small. However combus-
tion of coal at small scale (e.g. for domestic use) may be an important OA source, and in20

recent years, there have been more concerns about OA emissions from coal combus-
tions, due to their important impacts on climate changes and health effects (Jacobson,
2002; Zhang et al., 2008). A PMF organic factor from coal combustion at Changdao
is resolved and reported here. Although there are several AMS studies exhibiting the
mass profiles of organic aerosols resolved from specific combustion sources, e.g. wood25

burning (Aiken et al., 2009; Huang et al., 2011; Lanz et al., 2008) or mixed solid fuel
combustion sources from wood, coal (28 %), peat (14 %) and smokeless fuels (4 %)
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(Allan et al., 2010), a factor associated with coal combustions OA (CCOA) is first char-
acterized and reported in this study.

Although strong coal combustion influences (spikes in time series of organic
aerosols) at the Changdao site are already excluded (Part 4 in the Supplement), less
intense local emissions and emissions of coal combustions in the regional scale can5

also influence the Changdao site. The mass spectrum of CCOA is dominated by alkyl
fragments (CnH+

2n+1 and CnH+
2n−1), which is typical of primary organic aerosols from

fossil fuel combustion. The H/C and O/C ratios in CCOA are 1.40 and 0.17, both of
which are lower than the ratios in HOA (1.52 and 0.34). The high abundances of PAHs
(H/C ratios < 1) in CCOA may be the possible reason for the lower H/C ratio in CCOA.10

PAH ion fragments, such as m/z 128, 152, 178, 189, 202 and 216 etc. (Dzepina et al.,
2007) are easily observed in the mass spectrum of CCOA (Fig. 3). The PAH concentra-
tions can account for ∼38 % of total organic mass in coal combustion plumes (Zhang
et al., 2008). Unfortunately the m/z range measured in W mode in this study was lim-
ited to m/z 12–196 and PAH ion fragments above m/z 196 cannot be reflected in the15

PMF results here. However, since other PMF factors are dominated by ions below m/z
100, the PAH ion fragments ranging from 100 to 189 are clear enough to reflect this
unique feature of CCOA.

Two periods influenced by local coal combustion at Changdao corresponding to dif-
ferent high naphthalene concentrations (partially and strongly coal combustion period20

are referred to naphthalene concentrations above 1.5 ppb and 3.0 ppb, respectively)
were identified by the concentrations of gas-phase naphthalene from PTR-MS. The
mass spectra of coal plumes during these two periods (that were not included in the
PMF analysis) were averaged by subtracting background of spectrum before and after
the plumes. Those two mass spectra are used to compare with the spectrum of CCOA.25

The average mass spectrum from partially coal combustions (MSpartial-coal) shows sub-
stantially enhancement of masses with m/z > 100, especially for PAH parent and frag-
ment ions (Fig. 4a). The O/C and OM/OC ratio (0.18 and 1.37) in MSpartial-coal is compa-
rable to the value in mass spectrum of CCOA (MSCCOA) (0.17 and 1.33). The average
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spectrum in the plumes of strong coal combustion (MSstrong-coal, as Fig. 4b shows)
show much obviously higher enhancements of PAH fragment ions, comparing to the
MSCCOA and MSpartial-coal. Also it is notable that the H/C in the MSstrong-coal is pretty
low (1.1), consistent with H/C ratios for PAHs species. The O/C and OM/OC ratios in
MSstrong-coal are respective 0.11 and 1.25, which is lower to the ratios in the MSCCOA5

(0.17 and 1.33). Biomass burning has also been reported as an important source of
particle-phase PAHs under some conditions (Poulain et al., 2011; Weimer et al., 2008).
However, during the Changdao campaign, no enhancement of PAH fragments ions are
observed in the mass spectra of biomass burning emissions, as shown in Fig. 4c.

The time series of CCOA in Fig. 5 shows a similar trend (R = 0.62) to the gas-phase10

PAH naphthalene. CCOA also has positive correlation with primary single-ring aromatic
VOCs species (benzene and toluene) with correlation coefficients of 0.63 and 0.60,
respectively. The diurnal variation pattern of CCOA displays a pronounced peak at
7 a.m. (Fig. 6a), and later decreases due to the growth of the boundary layer, with
a minimum value around 16 p.m. The average CCOA fraction of total OA is about 9 %15

(Fig. 6d). However, since we exclude some OA data corresponding to the periods most
strongly influenced by coal combustion, the contributions of coal combustion to organic
aerosol concentrations should be larger than the value reported here.

The contributions of specific ions to two important m/z (128 and 152) in CCOA are
shown in Fig. 7. C10H+

8 (molecular ion of naphthalene) and C12H+
8 PAHs constitute 80 %20

and 79 % of the unit mass signal at m/z 128 and 152, respectively (Fig. 7.) Some other
oxygenated ions account for the remaining signal at m/z 128 (C6H8O+

3 and C7H12O+
2 )

and m/z 152 (C7H6NO+
3 and C9H12O+

2 ). m/z 178 is dominated by C14H+
10 ion. CCOA

accounts for about 35–70 % of the PAH fragment ions (C10H+
8 , C12H+

8 and C14H+
10) with

larger fractions in heavier ions.25

3.2.3 Semi-volatile and low-volatility oxygenated OA (SV-OOA and LV-OOA)

SV-OOA and LV-OOA were resolved by the PMF 4-factors solution. The mass spectra
of LV-OOA and SV-OOA are dominated by the oxygenated fragment ions (CxHyO+

z ),
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as shown in Fig. 3. CO+
2 (m/z 44) is the most prominent ion and contributes 25 %

and 16 % of the signal of LV-OOA and SV-OOA, respectively. Under the conditions
with negligible influence from biomass burning emissions, OOA (SV-OOA+LV-OOA) is
regarded as a surrogate of SOA (Aiken et al., 2009; Jimenez et al., 2009; Zhang et al.,
2007). LV-OOA, representing aged secondary organic aerosols shows higher O/C ratio5

(0.78) compared to SV-OOA (0.62). The O/C ratio in LV-OOA at the Changdao site
is similar to the average O/C value (0.73) in LV-OOA from 6 sites summarized by Ng
et al. (2011b). The oxidation state of SV-OOA in this study is somewhat high, which lie
in the higher range of O/C ratios in SV-OOA summarized in previous field studies (Aiken
et al., 2008; Jimenez et al., 2009) and comparable to the ratio in SV-OOA obtained from10

airborne measurement of Mexico city outflow (DeCarlo et al., 2010).
The total OOA (LV-OOA+SV-OOA) correlates well with secondary inorganic species

(sulfate+nitrate), consistent with a dominant secondary origin of OOA (Fig. 8)
(Jimenez et al., 2009; Zhang et al., 2005a; Lanz et al., 2008). The regression slope
of OOA with sulfate + nitrate is 0.36, similar to the values (0.36–0.42) obtained in Bei-15

jing area (Huang et al., 2010; Sun et al., 2010).
Diurnal cycles of LV-OOA and SV-OOA both show highest concentration peaks

around 14–15 p.m. (Fig. 6a), suggesting strong photochemical formation of SOA in
these periods. The SV-OOA fraction of OA increases and the POA (HOA+CCOA)
fraction of OA declines slightly in the afternoon (Fig. 6b), consistent with photochem-20

ical formation of SV-OOA (Jimenez et al., 2009). Larger fractions of SV-OOA in OA
are observed at higher concentrations of OA (Fig. 6c). The aged SOA (LV-OOA) is
present at relatively stable percentages (∼30–50 %) in OA. Together, LV-OOA and SV-
OOA can explain 68 % of total OA masses, suggesting the importance of SOA in OA
concentrations at Changdao.25

The aged LV-OOA accounts for the highest contributions to the CxHyOz fragments
(especially those fragment ions with 2 or more O atoms), such as 62 % to CO+

2 and
52 % to C2H4O+

2 (Fig. 7). In contrast, SV-OOA is the highest contributor to the organon-
itrogen (ON) fragment ions (e.g. CHNO+ and C2H3NO+). This is consistent with the
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high N/C ratio (0.041) in mass spectrum of SV-OOA. As photochemistry proceeds,
SV-OOA is expected to evolve towards LV-OOA on a regional scale via processes of
gas-phase oxidations of semi-volatile or heterogeneous chemistry etc. (DeCarlo et al.,
2010; Jimenez et al., 2009). A deeper analysis is presented in the next two sections.

3.3 Elemental composition of OA and Van Krevelen diagram5

Bulk OA at Changdao is dominated by carbon (52 %) and oxygen (41 %) with minor
contributions from hydrogen (5.8 %) and nitrogen (1.2 %). Comparing with reported
oxygen fractions in OA (∼30–35 %) at other urban areas (Huang et al., 2011; Sun
et al., 2011), the oxygen fraction (41 %) at the Changdao site is high.

The diurnal variations of OM/OC and elemental ratios (O/C and H/C) are shown in10

Fig. 9. The OM/OC ratio varies between 1.84 and 1.98, while the O/C ratio changes
from 0.54 to 0.63. The average and standard deviation of OM/OC ratio in the whole
campaign is 1.91±0.13, which is in range of reported value (1.8–2.4) for oxygenated or-
ganic aerosols in regional or background areas (Aiken et al., 2008; Jimenez et al., 2009;
Turpin and Lim, 2001). The average and standard deviation of O/C ratio in this study15

is 0.59±0.10, which lie between the range of average O/C (0.4–0.7) of LV-OOA and
SV-OOA measured at other areas (DeCarlo et al., 2010; Huang et al., 2011; Jimenez
et al., 2009). As shown in Fig. 9, the OM/OC and O/C ratios both increase rapidly after
8 a.m. and peak in the afternoon (∼16 p.m.), which may be caused by the strong photo-
chemical formation of SOA in this period. The H/C ratio (1.33±0.07) exhibits a reverse20

pattern in diurnal variations of OM/OC and O/C ratios with a peak around 7–8 a.m. due
to higher influence of primary emissions in a shallow boundary layer.

The Van Krevelen diagram, which displays the variation of O/C versus of H/C, can be
used as a tool to probe bulk oxidation reaction mechanisms for organic aerosols (Heald
et al., 2010). H/C and O/C evolve along a line with a slope of −0.63 in the Chang-25

dao campaign. The identified reactions associated with the replacement of functional
groups are also shown in Fig. 11. The evolution slope at Changdao falls between those
carboxylic acid functionalization with fragmentation (slope= −0.5) and carboxylic acid
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functionalization without fragmentation (slope= −1.0). Note that in both cases the func-
tionalization can also be explained by the addition of an alcohol and carbonyl group in
different carbons, rather than a carboxylic acid group. The evolution slopes (H/C versus
O/C) in Van Krevelen diagrams from other field and lab studies were summarized in
Table 3. The results from most of field studies obtained slopes between −0.5 and −1.0.5

The slope observed at Changdao (−0.63) is similar to the values (−0.64) obtained in
Pasadena (Hayes et al., 2012).

A scatter plot of H/C vs. O/C for PMF factors from field campaigns, and sources
(cooking and biomass burning) from laboratory studies in China are summarized in
Fig. 10b (He et al., 2010, 2011; Huang et al., 2010, 2011). The H/C and O/C ratios10

from plumes from biomass burning and coal combustion in Changdao are also shown.
The results show that when O/C ratios are higher than 0.3, the PMF resolved factors
(SV-OOA and LV-OOA) evolve along a line with a slope of −0.59, which is slightly
higher than the evolution slope (−0.50) obtained from the measurements at 43 sites
throughout the world (Ng et al., 2011a). However, when O/C is below 0.3 with primary15

emissions contributing substantial OA concentration, a steeper slope of around −2.0
in Fig. 10b is observed. These different slopes for high O/C vs. low O/C regimes were
also reported in previous studies (Lambe et al., 2012; Ng et al., 2011a), which suggests
that carbonyl groups addition with little fragmentation dominates the OA oxidation at
low O/C ratios, while the carboxylic acid groups addition (or alcohol+ carbonly) with20

significant fragmentation dominates the OA oxidation at high O/C ratios. However, the
steeper slope of OA evolution at the early stage of aging is not observed from the
ambient measurements. The likely reason for this is the ubiquitous presence of some
aged air and OOA, so that few data points in ambient data have O/C ratios lower than
0.1 (Table 3) at both urban and rural sites. Thus, without PMF analysis the bulk ambient25

OA does not often display the early evolution illustrated in Fig. 10b.
It should be noted that PMF factor CCOA and ambient coal combustion plumes

show lower H/C ratios (1.1–1.4) than other POA factors (1.4–1.8) in the Van Krevelen
diagram. As observed in Fig. 10a, some data points diverge from the main evolution
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pattern as the CCOA fraction in OA increases, and these also tend to have lower O/C
and H/C ratios (Fig. 10a). The evolution of OA in Van Krevelen diagrams for the data
points influenced by coal combustion are shown in Fig. 11. The periods that were ex-
cluded in PMF analysis for the strong influence of local coal combustions are also
included in Fig. 11. The relative fraction of coal combustion in OA is represented by5

the fraction of C14H+
10 (at m/z 178) in OA. The data points with strong influence by

local coal combustions have a positive slope, rather than the negative slopes for OA
evolution of urban and biogenic emissions (Table 3). There are two possible reasons
for the totally different evolution pattern: (1) most likely, the physical mixing of coal com-
bustion plumes with air containing other OA with both high H/C and O/C ratios would10

increase H/C and O/C ratios simultaneously along a “mixing line”. High abundance of
m/z CO+

2 observed in the spectra influenced by coal combustions without subtract-
ing background signals (not shown here) may be an evidence for effects from physical
mixing. (2) This evolution might also be partially caused by the oxidation of abundant
PAH species. Figure 11 shows oxidation results of gas phase naphthalene in a lab15

study (Kautzman et al., 2009; Chhabra et al., 2011). An increase of O/C and H/C ratios
are observed in the oxidation of naphthalene, as a results of the breakage of the ring
structure in naphthalene and probably also in other PAHs species (Kautzman et al.,
2009). However the direction of evolution of naphthalene oxidation products in the Van
Krevelen diagram is less similar to that observed. Hence, the evolution of O/C versus20

H/C for coal combustion data points in the Van Krevelen diagram strongly suggest that
it is dominated by physical mixing, with oxidation of PAHs species in coal combustion
emissions playing a smaller role.

3.4 Evolution of OA/∆CO and O/C with photochemical age

The effects of emissions and transport of OA in the atmosphere can be better studied25

by normalizing by OA to a combustion tracer that is relatively inert over the time scales
of interest, e.g. CO (de Gouw and Jimenez, 2009). Low OA/∆CO ratios (where ∆CO
indicates that the continental CO background has been subtracted) are observed in
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the primary emission plumes from sources regions, and high OA/∆CO ratios are ob-
served after substantial SOA formation (de Gouw and Jimenez, 2009; DeCarlo et al.,
2010). Plumes from biomass burning emission can also have high OA/∆CO ratios, of-
ten similar or even higher than SOA/∆CO ratios from polluted air masses (Cubison
et al., 2011; Jolleys et al., 2012), which complicates the use of the OA/∆CO ratio in5

regions affected by both biomass burning and pollution emissions (Aiken et al., 2010).
However, the influence of biomass burning to OA concentrations is thought to be neg-
ligible at this site after the two plumes from biomass burning emissions are excluded
in PMF analysis (Part 4 of the Supplement), as confirmed by the low concentrations of
both m/z 60 and acetonitrile during the Changdao campaign. This strongly indicates10

that the elevated OA/∆CO ratios at Changdao can be mainly attributed to SOA forma-
tion. In our study a background concentration of CO of 0.1 ppm was used based on the
regression intercept between benzene and CO by the method of DeCarlo et al. (2010).
Photochemical age was calculated using concentration ratios of m+p-xylene to ethyl-
benzene with an initial emission ratio of 2.2 ppb/ppb (Yuan et al., 2012; de Gouw et al.,15

2005). In order to compare with other studies (DeCarlo et al., 2010), the average OH
radical concentration applied here is 1.6×106 moleculecm−3. The detailed description
about the determination of photochemical age could be found in Yuan et al. (2012).

The estimated photochemical ages varied between 0.1 and 25 h and were equally
divided into 10 bins according to data point number of photochemical age in ascending20

order of value. The box average and standard deviation of OA/∆CO ratio in each bin
of photochemical age are shown in Fig. 12. The average OA/∆CO ratio in each bin
correlates positively with photochemical age (r = 0.9). The results of OA/∆CO ratios
versus photochemical age in Mexico City and the Northeast US summarized in DeCarlo
et al. (2010) are also plotted in Fig. 12. The regression slope of average OA/∆CO25

versus photochemical age at Changdao was 1.3 µgm−3 h−1, which is lower than the
ratios (∼2–5 µgm−3 h−1) reported in Mexico City and US (Dzepina et al., 2009).

The average enhancement ratios of PMF factors to CO (PMF resolved OA/∆CO) in
each bin as a function of photochemical age are also investigated here, as shown in
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Fig. 13. SOA surrogate components (LV-OOA and SV-OOA) increase and POA com-
ponents (CCOA and HOA) decrease as photochemical age increases (Fig. 13a–d),
which is consistent with the photochemical processing of OA and perhaps evapora-
tion of POA upon dilution. If we assume that reductions of HOA/∆CO and CCOA/∆CO
ratios are due to secondary transformations (Robinson et al., 2007), the decrease of5

CCOA/∆CO and HOA/∆CO can explain 27 % of the observed LV-OOA plus SV-OOA
formation. The average fractions of OA factors in total OA at each bin versus the pho-
tochemical age are calculated and shown in Fig. 14. When the photochemical age is
nominally very short, POA (HOA+CCOA) accounts for 56 % of total OA masses. As
the photochemical age increases, the POA fraction in total OA decreases rapidly and10

SOA dominates OA. In the most aged plumes (photochemical age 25 h), LV-OOA and
SV-OOA can account for 90 % of total OA. The higher percentage of LV-OOA (67 %)
relative to SV-OOA (23 %) in total OA in the aged plumes is consistent with the inter-
pretation that LV-OOA is more photochemically processed than SV-OOA during this
Changdao campaign. SV-OOA stays at a stable fraction (15–24 %) at different values15

of photochemical age. We note that the mixing of fresh gas-phase emissions into an air
mass containing aged OA can result in low apparent photochemical ages, which may
explain the substantial fraction of OOA at low apparent ages.

The evolutions of OM/OC and O/C vs. photochemical age are investigated in Fig. 15.
Both ratios increase rapidly as photochemical age becomes larger. The OM/OC and20

O/C ratios vary over a wide range of 1.6–1.9 and 0.3–0.6 respectively, in air influenced
by strong fresh primary plumes which is similar to values of HOA and BBOA obtained
in Mexico (Aiken et al., 2008). As the air is aged, OM/OC and O/C ratios increase and
appear to asymptote towards a maximum value. We can use the following Eq. (1) to
describe data points in Fig. 15, which was adapted from a parameterization for VOC25

atmospheric oxidation (de Gouw et al., 2005):

OM
OC

= A−B×exp(C×age) (1)
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The fitting curves and corresponding results are shown in Fig. 15. The A parameter is
calculated to be 2.3 and 1.0 for the fits of OM/OC and O/C ratios, respectively, which
are the asymptotic values for very aged plumes. The timescale of this evolution can
be estimated through parameter C in Eq. (1) at about 25 h at an average OH radical
concentration of 1.6×106 moleculecm−3. If SOA formation and aging is represented5

as a first-order process proportional to OH (Hodzic and Jimenez, 2011; Spracklen
et al., 2011), the kOH for this study is 5.2×10−12 cm3 molec−1 s−1, which in the range
of the kOH derived for the formation and evolution of SOA from pollution-influenced
air masses in previous studies (5–12.5×10−11 cm3 molec−1 s−1) (Hodzic and Jimenez,
2011; Spracklen et al., 2011). This confirms that the timescales of SOA formation in10

Asian pollution appear to be similar to those in other continents.
Temperature can affect SOA formation by changing the gas/particle partition coef-

ficient (KOM) of VOCs oxidation products as well as reaction rates and particle water
content (via RH changes), among other mechanisms. Chamber studies show that low
temperatures can lead to substantially enhancements of SOA yields (Pathak et al.,15

2007; Takekawa et al., 2003). The scatter plots in Fig. 15 are also color coded by ambi-
ent temperatures at Changdao, as shown in Fig. 15. The data points corresponding to
higher temperatures (above 15 ◦C) tend to have lower O/C ratios representing less SOA
formation than the lower temperatures, which is consistent with the chamber studies
mentioned above.20

4 Conclusions

A HR-ToF-AMS was deployed at the island of Changdao in Central Eastern China from
March to April 2011. PM1 concentrations and compositions varied strongly with trans-
port direction of plumes. Higher PM1 concentrations were detected in the plumes origi-
nated from Central Eastern China and lower from northern part of China. PM1 concen-25

trations measured at Changdao ranged from 4.4 to 245 µgm−3, with an average value
of 47 µgm−3. Organic aerosols are the most abundant PM1 components, accounting for
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30 % of PM1 concentrations, and followed by nitrate, sulfate, ammonium, black carbon
and chloride (in that order). The size distributions of inorganic aerosol (nitrate, sulfate
and ammonium) show similar shapes and have peaks at around 500–600 nm, sug-
gesting internally mixing of the secondary formed PM1 components. However, organic
aerosols show wider peak at around 400–500 nm with enhancements at the smaller5

size, which could be attributed by local primary emission.
An OA component from coal combustions named as CCOA is identified from the

PMF analysis, which is first reported by this study to our knowledge. Pronounced high
abundances of PAHs fragment ions in CCOA as well as average spectra influenced
by local coal combustion are observed. Besides CCOA, three components including10

HOA, SV-OOA and LV-OOA are resolved from PMF, and account for 23 %, 24 % and
44 % of total OA, respectively. The dominance of OOA in OA, together with the high
average O/C (0.59) and OM/OC (1.98) ratios indicate the high oxidation state of organic
aerosols at Changdao. The Van Krevelen diagram shows H/C versus O/C at Changdao
evolves along a line with a slope of −0.63. However, organic aerosols influenced by15

coal combustions evolve in a unique way in Van Krevelen diagram. As O/C ratio in coal
combustion emissions increases, H/C ratio increases at the same time, which is most
likely due to physical mixing of coal combustion emissions with air containing other OA.

Positive correlations of OA/∆CO as well as LV-OOA/∆CO and SV-OOA/∆CO versus
photochemical age and negative correlations of HOA/∆CO and CCOA/∆CO versus20

photochemical age are found. LV-OOA is the dominant fraction in secondary formation
of OA, with a maximum of 67 % in oldest plumes (photochemical age of 25 h). If SOA
formation and aging is represented as a first-order process proportional to OH, the
kOH for this study is 5.2×10−12 cm3 molec−1 s−1, calculated from the regression results
of O/C ratios and photochemical age. The apparent first-order kOH value determined25

at Changdao is similar to those determined in recent studies of polluted air in other
continents. To investigate the representativeness of the oxidation timescale estimated
at Changdao, studies on kOH in other regions of China should be further done. Results
suggest that low temperatures may favor SOA partitioning in this study.
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Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/13/10809/2013/
acpd-13-10809-2013-supplement.pdf.
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Table 1. The detection limits (ngm−3) of species measured by AMS in V mode and in W mode,
respectively.

Mode Sulfate Nitrate Ammonium Chloride Organics

V 34 15 37 53 120
W 47 31 64 93 140
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Table 2. Summary of the mass concentrations of PM1 species and OA components (unit:
µgm−3; time resolution is 4 min). The stronger influences from local biomass burning and coal
combustions are excluded from the dataset.

Average Std. Dev. Median Minimum Maximum

Organics 13.4 8.4 12.3 1.50 54.4
LV-OOA 6.1 4.4 4.9 0.12 25.5
SV-OOA 3.3 4.1 1.8 0.00 27.5
HOA 3.2 2.7 2.5 0.01 28.9
CCOA 1.2 1.4 0.9 0.00 15.0

Sulfate 8.3 7.3 6.5 0.10 59.8
Nitrate 12.2 12.0 9.3 <DLs 88.7
Ammonium 6.5 6.0 5.0 0.01 41.2
Chloride 1.3 1.6 0.7 <DLs 14.4
BC 2.5 1.8 2.1 0.10 32.0
PM1 46.6 36.5 39.4 4.40 245.0
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Table 3. Summary of the slopes (H/C ratios vs. O/C ratios) determined from ambient and
laboratory studies in the Van Krevelen diagram.

Sites Site type∗ Slope O/C ratios range References

Field campaigns
Changdao DW −0.63 0.2–0.8 This study
Kaiping DW −0.76 0.3–0.65 Huang et al. (2011)
Pasadena DW −0.64 0.2–0.8 Hayes et al. (2012)
Beijing U −0.88 0.1–0.5 Huang et al. (2010)
Shenzhen U −0.87 0.1–0.43 He et al. (2011)
Pittsburgh U −1 0.2–0.5 Heald et al. (2010)
Amazon F −1 0.15–0.65 Heald et al. (2010)

Ambient PMF factors Synthetic −2(O/C< 0.3); −0.5(O/C> 0.3) 0–1.2 Ng et al. (2011a)
Field and Lab studies Synthetic −1 0–1.0 Heald et al. (2010)
Alkane (C10/C15) Lab −1.3(O/C< 0.3); −0.7(O/C> 0.3) 0–1.2 Lambe et al. (2012)
JP-10 Lab −0.5 0.3–1.2 Lambe et al. (2012)

∗ DW: downwind site; U: urban site; F: forest site.
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Fig. 1. Time series of (a) relative humidity (RH) and temperature (Temp) at the Changdao site;
(b) time series of local wind direction and speed (left axis) as well as J(O1D) values (right
axis); (c) time series of PM1 concentrations calculated from SMPS volume concentrations
(15–600 nm) and from AMS species+BC. Temporal particle density calculated by the main
chemical composition of particle measured by AMS and is applied to the calculation of PM1
mass concentrations from SMPS. The density varied from 1.3–1.6 and with an average value
of 1.5 gcm−3 (d) time series of organics (left), chloride and BC (right). (e) Time series of sulfate,
nitrate, and ammonium. (f) The fractions of AMS species and BC in PM1 concentrations.
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Fig. 2. (a) The average chemical compositions of PM1 during the campaign. (b) Average size-
resolved distributions of AMS species and PM1 calculated from SMPS. (c) The fractions of main
chemical components in PM1 as a function of PM1 concentrations (left). Probability density of
PM1 concentrations (right). (d) The fractions of AMS species in total PM1 as a function of vac-
uum aerodynamic size (dva). The volume concentration and the mobility diameter measured by
the SMPS was converted into vacuum aerodynamic size by a scale factor of 1.5 (approximate
density) in both cases.
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Fig. 3. High resolution mass spectra of OA components (a) coal combustion OA (CCOA); (b) 796 

hydrocarbon-like OA (HOA); (c) semi-volatile oxygenated OA (SV-OOA); (d) low-volatile 797 

oxygenated OA (LV-OOA). The elemental ratios and OM/OC ratios of each component are 798 

also shown in the legends.  799 

  800 

Fig. 3. High resolution mass spectra of OA components (a) coal combustion OA (CCOA);
(b) hydrocarbon-like OA (HOA); (c) semi-volatile oxygenated OA (SV-OOA); (d) low-volatile
oxygenated OA (LV-OOA). The elemental ratios and OM/OC ratios of each component are also
shown in the legends.

10846

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/10809/2013/acpd-13-10809-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/10809/2013/acpd-13-10809-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 10809–10858, 2013

OA aging and the
influence of coal

combustion in China

W. W. Hu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 4. High resolution mass spectra of OA in the plumes that are (a) partially influenced,
(b) strongly influenced by coal combustions, (c) influenced by biomass burning emissions. The
intensity of coal combustions influence is based on gas-phase naphthalene concentrations.
The elemental ratios and OM/OC ratios are also shown in the legends.
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Fig. 5. Time series of OA components and external tracers (naphthalene, NOx, benzene, nitrate
and sulfate).
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Fig. 6. Diurnal variations of concentrations (a) and fractions in OA; (b) for different OA OA
components. (c) The fractions of different OA components in total OA as a function of concen-
trations of OA. (d) The average mass fraction of each OA component.
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Fig. 7. High resolution ion signals for important organic fragment ions (upper graphs). The
signals are shown for a time (at 20.38 p.m. on 7 April) with high organic concentrations as an
example. Only the ions used in the PMF are shown here. The average contributions of each
OA component to the specific ions are shown in the lower graphs.
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Fig. 8. The scatterplot of total OOA (LV-OOA+SV-OOA) versus secondary inorganic species
(sulfate+ammonium). The data points are color-coded according to diurnal time of measure-
ment.
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Fig. 9. Diurnal profiles of OM/OC, O/C and H/C ratios.
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Fig. 10. (a) The Van Krevelen diagram during Changdao campaign (dots). The data points are
color-coded using the fractions of CCOA in OA (CCOA/OA). The values of PMF factors (circles)
and plumes of coal combustion and biomass burning emissions (rhombus) are also shown. The
black line is the regression results of the data points during the Changdao campaign. (b) The
Van Krevelen diagram of PMF factor from field campaigns in China (He et al., 2011; Huang
et al., 2010, 2011, 2012). The H/C and O/C ratios in biomass burning and cooking emissions
measured from laboratory studies (He et al., 2010) and the plumes of biomass burning and
coal combustion identified in this study are also shown. The black line is the regression results
of data points for SV-OOA and LV-OOA. The red and blue lines are obtained from the triangle
plot of PMF factors determined from 43 sites around the world (Ng et al., 2011a). The dashed
lines with different slopes (0, −0.5, −1 and −2) are also included in the both graphs to guide
the eye.
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Fig. 11. The Van Krevelen diagram during the Changdao campaign. The data points in the
plumes influenced by local coal combustions are also included in the graph. The data points
are color-coded using the fractions of C14H+

10 (at m/z 178) in OA. The H/C and O/C ratios in the
SOA from the oxidation of naphthalene obtained in chamber (blue diamonds) (Kautzman et al.,
2009), as well as the H/C and O/C ratios of naphthalene oxidation process in another chamber
study (the area in dashed black line) (Chhabra et al., 2011) are also shown. The dashed and
solid blue lines with different slopes are also shown to guide the eye.

10854

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/10809/2013/acpd-13-10809-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/10809/2013/acpd-13-10809-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 10809–10858, 2013

OA aging and the
influence of coal

combustion in China

W. W. Hu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 12. OA/∆CO ratios as a function of photochemical age during the Changdao campaign.
The photochemical age is classified into 10 bins by decile of photochemical age. The averages
and standard deviation in each photochemical age bin are also shown (pink diamonds and
bars). The purple line is the linear regression results from the average values in each photo-
chemical bin. The blue shaded areas are the SOA formation relationship with photochemical
age determined in US and Mexico City (DeCarlo et al., 2008).
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Fig. 13. The variations of (a) LV-OOA/∆CO (b) SV-OOA/∆CO (c) CCOA/∆CO (d) HOA/∆CO
with photochemical age. The diamond points and bars are the average values and their stan-
dard deviations in each photochemical age bin. The lines are the regression results of the
average values.
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Fig. 14. Mass fraction of each OA component as a function of photochemical age.
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Fig. 15. (a) OM/OC and (b) O/C ratios vs. photochemical age. The regression was calculated
by Eq. (1) in the text. The points are color-coded according to ambient temperature.
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