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Abstract To investigate the seasonal characteristics of submicron aerosol (PM1) in Beijing urban areas, a
high-resolution time-of-flight aerosol-mass-spectrometer (HR-ToF-AMS) was utilized at an urban site in
summer (August to September 2011) and winter (November to December 2010), coupled with multiple state
of the art online instruments. The average mass concentrations of PM1 (60–84μgm

�3) and its chemical
compositions in different campaigns of Beijing were relatively consistent in recent years. In summer, the daily
variations of PM1 mass concentrations were stable and repeatable. Eighty-two percent of the PM1 mass
concentration on average was composed of secondary species, where 62% is secondary inorganic aerosol
and 20% secondary organic aerosol (SOA). In winter, PM1mass concentrations changed dramatically because
of the different meteorological conditions. The high average fraction (58%) of primary species in PM1

including primary organic aerosol (POA), black carbon, and chloride indicates primary emissions usually
played a more important role in the winter. However, aqueous chemistry resulting in efficient secondary
formation during occasional periods with high relative humidity may also contribute substantially to haze in
winter. Results of past OA source apportionment studies in Beijing show 45–67% of OA in summer and
22–50% of OA in winter can be composed of SOA. Based on the source apportionment results, we found 45%
POA in winter and 61% POA in summer are from nonfossil sources, contributed by cooking OA in both
seasons and biomass burning OA (BBOA) in winter. Cooking OA, accounting for 13–24% of OA, is an important
nonfossil carbon source in all years of Beijing and should not be neglected. The fossil sources of POA include
hydrocarbon-like OA from vehicle emissions in both seasons and coal combustion OA (CCOA) in winter. The
CCOA and BBOAwere the twomain contributors (57% of OA) for the highest OA concentrations (>100μgm�3)
in winter. The POA/ΔCO ratios in winter and summer are 11 and 16μgm�3 ppm�1, respectively, similar to ratios
from western cities. Higher OOA/Ox (=NO2+O3) ratio (0.49μgm�3 ppb�1) in winter study than these ratios
from western cities (0.03–0.16μgm�3 ppb�1) was observed, which may be due to the aqueous reaction or
extra SOA formation contributed by semivolatile organic compounds from various primary sources (e.g., BBOA
or CCOA) in Beijing. The evolution of oxygen to carbon ratio (O/C) with photochemical age allows to estimate an
equivalent rate constant for chemical aging of OA in summer as kOH~4.1× 10

�12 cm3molecule�1 s�1, which is
of the same order as obtained in other anthropogenic influenced areas and may be useful for OA modeling.

1. Introduction

Fine particles (PM2.5 or PM1, i.e., the particulate matter with aerodynamic diameter less than 2.5μm or 1μm)
have significantly impacted on visibility reduction, climate change, and health concerns. As one of the largest
megacities in the world, Beijing has quite severe air pollution because of rapid urbanization, motorization,
and energy consumption in the last decade [Huang et al., 2006; Streets et al., 2007; Huang et al., 2014]. In
recent decades, high PM2.5 concentrations (37–367μgm

�3) were observed frequently across the whole year
of Beijing, exceeding the Ambient Air Quality Standards of China and U.S. (75μgm�3 and 35μgm�3 for 24 h
average, respectively) [He et al., 2001; Chan et al., 2005; Huang et al., 2010; Sun et al., 2010, 2013; Wang et al.,
2015]. The heavy air pollution condition in Beijing and its effect on human health have drawnmore and more
public attentions [Guo et al., 2013; Lovett, 2013; Sheehan et al., 2014].
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A better understanding of the sources and chemical composition of fine particles is crucial to air pollution
control and policy making. Multiple measurements have been carried out to investigate aerosols around
Beijing. Organic aerosol (OA) can account for 20–60% of the total fine aerosol mass concentrations [Sun
et al., 2004; Duan et al., 2005; Zheng et al., 2005; Huang et al., 2006; Takegawa et al., 2009]. Biomass burning,
coal combustion, vehicle emission, cooking, and the secondary formation from anthropogenic precursors
have been identified as important sources of fine particle in the Beijing area [He et al., 2001; Zheng et al.,
2005; Song et al., 2006; Sun et al., 2013; Guo et al., 2014; Huang et al., 2014; Zhang et al., 2014]. Biogenic
precursors mainly from isoprene and monoterpene could contribute SOA formation in Beijing as aerosol pro-
ducts (e.g., 2-methyltetrols and 2-methylglyceric acid) from isoprene oxidation and those (e.g., pinonic acid)
frommonoterpene oxidation; however, in relative low fractions [Liang et al., 2012; Yuan et al., 2012], for exam-
ple, the average mass concentration of OA in PM1 is on the order of several tens of μgm�3, whereas the
detected methyltetrols is usually < 1μgm�3. Those sources show distinctive seasonal variations due to
different meteorology and anthropogenic activities [Zheng et al., 2005; Wang et al., 2009; Li et al., 2015].

Aerosolmass spectrometers (AMS) arewidely used for their fast time resolution (seconds tominutes) and ability
to characterize the main species in submicron aerosols [Canagaratna et al., 2007; Jimenez et al., 2009; Huang
et al., 2010]. Multiple OA sources can be distinguished and recognized by combining source apportionment
method (e.g., positive matrix factorization (PMF)) with the high-resolution OA mass spectral matrix [Ulbrich
et al., 2009]. Several results based on AMS measurements in the Beijing area have been reported [Takegawa
et al., 2009; Huang et al., 2010; Sun et al., 2010, 2012, 2013; Zhang et al., 2014]. However, most of the results
are based on unit mass resolution (m/Δm=1, with m being the nominal m/z and Δm being full width at half
maximum) mass spectra from quadrupole mass spectrometers, or only focus on single season measurement.
AMS with time-of-flight detectors (ToF-AMS) can measure ions at much higher resolutions (m/Δm=3000–
5000), which allows the elemental composition (e.g., C, H, O, and N) of many ions to be determined [DeCarlo
et al., 2006]. Few results on evolution/aging processes of OA have been reported for the Beijing area, which
would be useful for comparison with other urban areas and for secondary OA modeling work in Beijing.

In this study, two intensive campaigns were conducted to investigate the seasonal characteristics of fine par-
ticles in the winter and summer of Beijing. The time series, chemical composition, and size distributions of
different species in fine particles are investigated based on HR-ToF-AMS measurement in both seasons.
Then we obtained a detailed source apportionment result of OA by applying factor analysis to the time series
of high-resolution organic spectral matrix. Results are compared to previous studies published in recent years
for Beijing. Finally, we studied the ambient OA aging processes through combining oxidation level of OA
(oxygen to carbon ratio =O/C; organic aerosol to organic carbon ratio =OA/OC) with photochemical age
estimated from volatile organic compounds (VOCs) measurements.

2. Experiments
2.1. Sampling Site and Measurements

Winter (22 November to 22 December 2010) and summer (3 August to 15 September 2011) studies were
conducted at PKU Urban Atmosphere Environment MonitoRing Station (PKUERS) (39.99°N, 116.31°E). This
observation site is located on the roof of a six-story building (15m above the ground) in the campus of
Peking University located in the northwest of the fourth ring road. Detailed descriptions of this site can be
obtained in several published papers [Wu et al., 2007; Huang et al., 2010].

2.2. The Operation and Data Analysis of HR-ToF-AMS

An HR-ToF-AMS (Aerodyne Research Inc., USA), hereafter termed as “AMS,” can measure mass concentrations
and size distributions of submicron nonrefractory species (PMnr

1 ), i.e., OA, sulfate, nitrate, ammonium, and
chloride. This instrument has been described previously in the literature [DeCarlo et al., 2006; Canagaratna
et al., 2007], so only a brief summary of the aspects specific to our studies is given here.

Ambient air was sampled through a PM2.5 cut cyclone (1.5m above the roof) and a 3m long 3/8 inch copper
tube at 10 Lmin�1; then a subset of the flow was subsampled toward the AMS instrument at 0.1 Lmin�1. A
nafion dryer before the AMS kept the relative humidity (RH) of the sampled air below 30%. The time resolu-
tion of AMS data in both studies is 4min, with 2min in V mode for PMnr

1 mass and size distributions and 2min
inWmode for highest resolutionmass spectra. Ionization efficiency (IE) calibrations were done every 5–7days by
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sampling monodispersed 400nm dried pure ammonium nitrate particles into AMS. Those ammonium nitrate
particles were generated by aerosol atomizer (3076, TSI Inc., USA) and selected with a differential mobility analy-
zer (DMA, model 3081, TSI Inc., USA). IE values obtained from Brute-Force Single-Particle method were used here.
The ratio of IE to airbeam signal (= IE/AB, AB is referred to N2

+ ion detected in AMS) of each calibration was used
for converting the instrument signals to ambient mass concentrations. The IE/AB calibration values within the
interval of two calibrations were obtained by linear interpreting IE/AB values before and after. Unless there
was an instrument failure (e.g., turbo pump down), last good calibrated IE/AB value was used till the instrument
failure time. The variability of IE/AB in both campaigns is within 15%uncertainty of average value (Figure S1 in the
supporting information). Size calibrations were performed before and after each study by sampling into the AMS
pure nitrate ammonium particles (50–550nm) with a DMA and monodisperse polystyrene latex spheres
(density =1.05g cm�3) (Duke Scientific, U.S.) with nominal standard diameters of 100–700nm.

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]. In this study, the chemical composition-based estimation
of CE was estimated and used, following themethod addressed inMiddlebrook et al. [2012]. The average CE in
both campaigns is around 0.5. The calculated CE only reach 0.6 during two short periods (several hours on 11
September) in summer study due to slightly high ammonium nitrate fraction in aerosols, as shown in Figure S2.
Good correlations and quantitative agreement (within the combined uncertainties) between mass concentra-
tions of total PM1/main species in AMS and results from independent measurements (i.e., ion chromatography,
scanning mobility particle sizer SMPS, and tapered element oscillating microbalance TEOM) support the relia-
bility of ourmeasurements (Figures S3–S5). The detection limits ofmain chemical components in AMS are listed
in Table S1 and are typically far lower than the observed concentrations. All the reported mass concentrations
from AMS in this study are based on ambient condition.

We used the procedures and software described in Ulbrich et al. [2009] to perform and applied positive matrix
factorization (PMF) [Paatero et al., 2002] to the high-resolution OA mass spectral matrix for m/z 12–196 in W
mode. The choice of the PMF solution is documented in the supporting information (Figures S6–S10 and
Tables S2–S5). The elemental compositions (O/C; and hydrogen to carbon ratio =H/C) of total OA and of each
PMF OA factor were calculated based on the updated ambient calibrations of Canagaratna et al. [2015]. The
updated O/C ratios are ~20–30% and H/C ~5–10% higher than these calibrated with the previous Aiken
method [Aiken et al., 2007; Aiken et al., 2008]. Those changes of O/C and H/C ratios between two methods
are within the change range of elemetnal ratios in ambient OA reported by Canagaratna et al. [2015], which
are 14–45% in O/C ratios with an average of 27% and 7–20% in H/C ratios with an average of 11%, and also
similar to these studies from China (26%–31% in O/C ratios and 9%–12% in H/C ratios). For comparison with
previous results, all the ambient related elemental ratio with original Aiken calibrations reported in other
studies are multiplied by a ratio of 1.25 to the O/C and 1.09 to the H/C in this study. Thus, the cited O/C
and H/C ratios in this study are 25% and 9% higher than their original reported values.

2.3. Other Instruments

The concentration of black carbon (BC) was measured with a multiangle absorption photometer (TSI Inc., USA)
in summer and an Aethalometer (Magee Scientific, USA) in winter, respectively. The number size distributions of
aerosols withmobility sizes between 15 and 650nmwere measured by a scanningmobility particle sizer (SMPS
3080, TSI Inc., USA). A commercial quadrupole-based proton transfer reaction-mass spectrometer (Ionicon
Analytik, Austria) and a custom-built (by Peking University) online gas chromatograph-mass spectrometer
(GC/MS) were used to measure multiple volatile organic compounds (VOCs) with time resolutions of 30 s and
30min., respectively. The concentrations of gas phase NO2/NO, O3, and CO were measured with a time
resolution of 1min by the NO-NO2-NOx analyzer (42i-TL, Thermofisher Scientific Inc., USA), O3 analyzer (49i-TL,
Thermofisher Scientific Inc., USA), and CO analyzer (48i-TL, Thermofisher Scientific Inc., USA), respectively.

3. Results and Discussion
3.1. Concentration and Chemical Composition of PM1

Time series of mass concentrations of the main chemical species in PM1 is shown in Figures 1 and 2. Quite
different temporal variability of PM1 was observed between the winter and summer studies, which should
be mainly caused by the different meteorological conditions and emission source strengths in both seasons.
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Figure 1. Time series of main species in PM1, gas phase, and meteorology parameters (relative humidity, temperature,
wind speed, and wind direction) in the summer of Beijing. The inset is the pie chart of average composition of PM1 in
this summer study.

Figure 2. (a) Time series of main species in PM1, gas phase, and meteorology parameters (relative humidity, temperature,
wind speed, andwind direction) in the winter of Beijing. The average composition of PM1 in the (b) whole winter campaign,
(c) polluted, (d) clean, and (e) high RH periods in winter are also shown.
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During the summer study, meteorological conditions were relatively stable (average wind speed=1.0±1.1ms�1;
temperature = 25.5 ± 4.3°C; RH= 66.1 ± 4.3%) and daily repeated (Figure 1). The average PM1 concentration in
summer was 84 ± 47μgm�3 (Table 1). OA was the most abundant individual component (31%) in PM1; how-
ever, the fraction of OA was lower than the total secondary inorganic aerosol (sulfate + nitrate + ammonium,
SIA, 62%). The high SIA fraction, together with the substantial SOA contribution (see below), shows that
secondary formation is the dominant source of PM1 (82% of PM1) in summer. Clear diurnal variations of main
chemical species in PM1 were observed in summer study (Figure S11). Diurnal pattern of sulfate peaks in the
afternoon despite of the higher boundary layer height at this time, indicating the strong secondary formation
properties of sulfate. The diurnal variations of nitrate and chloride shownegative correlationwith temperatures,
suggesting that these two species are more controlled by the gas-particle partitioning process, consistent with
previous results in Beijing [Huang et al., 2010; Sun et al., 2012].

In contrast to summer, the meteorological conditions in winter changed dramatically between different periods,
leading to large variations of PM1 mass concentrations from 0.6 to 368μgm�3, as well as large changes of other
pollutants, e.g., CO (0.3 to 12ppm) and Ox (Ox=O3+NO2; 30 to 120ppb), as shown in Figure 2. Based on the
patterns of PM1, we divided the whole winter study into three typical periods.

The first is polluted period. (dark background in Figure 2). During this period, meteorological conditions were
very stable usually with lower pressure and wind speed (1.2m s�1 on average), favoring the accumulation of
pollutants. Taking the period from noon of 27–29 November as an example, all themass concentrations ofmain
chemical components in PM1 increased very rapidly from a relatively clean background. The PM1mass increase
rate was 4.2μgm�3 h�1 from the clean background (11μgm�3) to the highest peak (160μgm�3) in this per-
iod. On average, OA contributes 57% of PM1 mass enhancement in this process, then followed by BC (11%) and
chloride (10%). An even higher increase rate of PM1 of 12μgm

�3 h�1 was observed during 19–20 December.
The frequent highmass increase rates (3–12μgm�3 h�1) of PM1 indicate the haze appeared in the Beijing area
quite fast (within several hours to 1 day), which should be a regional meteorology-controlled process [Zheng
et al., 2015]. The average PM1 mass concentration during the whole polluted period was 106±71μgm�3.
The high fractions of BC (9% on average) in winter point out that PM1 was strongly influenced by primary
emissions sources in this period. The average diurnal variation of BC shows opposite diurnal profiles to that
of wind speed, both in the winter and in summer studies (Figure S11), consistent with its primary sources.

Table 1. Summary of Mass Concentrations of PM1 Species and OA Components (μgm�3), Mixing Ratios of Gas-Phase
Pollutants, and Meteorological Parameters in the Winter and Summer Studies in Beijing

Beijing Summer
Beijing Winter (Average ± SD)

(Average ± SD) Clean Period Polluted Period Average

Total 84. ± 47.4 6.6 ± 5.4 106.6 ± 71.5 60.0 ± 66.3
OA 26.4 ± 13.9 3.9 ± 2.8 58.7 ± 38.5 34.5 ± 35.2

LO-OOA 7.4 ± 5.1 0.2 ± 0.3 5.1 ± 4.5 4.3 ± 6.0
MO-OOA 9.7 ± 7.1 1.5 ± 0.8 10.1 ± 8.0 6.2 ± 6.5
COA 5.5 ± 6.1 0.9 ± 1.0 10.3 ± 9.2 6.7 ± 7.6
HOA 3.4 ± 3.0 0.4 ± 0.5 9.6 ± 5.9 4.7 ± 5.7
CCOA - 0.6 ± 0.6 14.8 ± 17.0 8.2 ± 13.1
BBOA - 0.1 ± 0.1 8.8 ± 11.9 4.1 ± 8.7

Sulfate 22.0 ± 15.3 1.2 ± 0.5 10.9 ± 9.8 8.7 ± 10.7
Nitrate 16.8 ± 13.1 0.5 ± 0.5 10.9 ± 7.7 6.8 ± 7.2
Ammonium 13.7 ± 9.3 0.8 ± 0.6 11.9 ± 8.3 7.7 ± 7.9
Chloride 1.0 ± 1.1 0.3 ± 0.5 10.8 ± 8.1 5.8 ± 7.0
BC 4.4 ± 1.9 0.9 ± 0.8 10.0 ± 4.1 6.0 ± 5.1
CO (ppm) 0.9 ± 0.5 0.5 ± 0.5 4.2 ± 2.4 2.6 ± 2.4
NO (ppb) 8.0 ± 14.5 8.4 ± 21.7 107.6 ± 55.5 65.9 ± 62.9
NO2 (ppb) 35.6 ± 21.6 14.2 ± 10.9 58.8 ± 21.8 32.4 ± 27.1
SO2 (ppb) 4.4 ± 2.6 6.8 ± 7.0 53.5 ± 26.8 87.3 ± 74.9
O3 (ppb) 63.2 ± 30.6 20.2 ± 8.2 4.8 ± 4.3 9.5 ± 9.3
Wind speed (m s�1) 1.0 ± 1.1 4.2 ± 2.3 1.2 ± 0.7 2.2 ± 2.0
Temperature (°C) 25.5 ± 4.2 4.7 ± 4.2 3.3 ± 3.2 2.7 ± 3.8
RH (%) 66.1 ± 14.1 16.7 ± 6.8 30.9 ± 9.1 29.1 ± 17.4
Pressure (hPa) 1002 ± 5.1 1008.6 ± 5.5 1016.1 ± 5.6 1012.5 ± 7.4
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The average chloride fraction (10%) during the polluted period is relative high as well. Submicron nonrefrac-
tory chloride in the aerosol phase can have primary and secondary sources, where the former can come from
a direct emission from different sources (e.g., biomass burning, coal combustion, or waste incineration) and
the latter is the result of chemical and physical processes leading to gas to aerosol conversion (e.g., NH4Cl
partitioning) [Wexler and Seinfeld, 1990; Andreae and Merlet, 2001; Watson et al., 2001; Salcedo et al., 2006;
Li et al., 2012; Nuaaman et al., 2015]. In the winter of Beijing, chloride show pronouncedly enhanced peak
during night (Figure S11), which does not follow the expected time evolution for temperature-controlled
partitioning of NH4Cl. Together with the similarity of the chloride diurnal profile (Figure S11) to those of
BBOA and CCOA (R=0.84 and 0.68, respectively, Figure 5), this suggests that a large fraction of chloride in
winter is due to primary emissions at night. Note that in summer, chloride (Figure S11) is much lower and
does appear to follow an inverse temperature trend, suggesting a larger secondary semivolatile fraction.

In the winter study, good linear correlation of Na+ (R=0.92), NaCl+ (R= 0.82), K+(R=0.92 after 12 December),
and KCl+ (R=0.51 after 12 December) ions detected in AMS with Cl+ ion were found (Figures S12–S14), indi-
cating part of chloride existed as KCl and NaCl in the aerosol phase. It is consistent with the direct emissions of
KCl and NaCl species from biomass burning and coal combustion reported in the other field and emission
studies [Li et al., 2003; Doshi et al., 2009; Lewis et al., 2009; Yokelson et al., 2009]. No enhanced Na+, NaCl+,
and KCl+ were found in the AMS measurement during the summer study. The measured NH4 exceeded
the NH4 predicted assuming full neutralization of particulate anions nitrate and sulfate by an average factor
of 1.2 (Figure S16). The excess NH4 here (>20%) cannot be fully explained by the estimated organic influences
(<10%, e.g., amine and organic nitrate in aerosol phase) to the measured inorganic species in AMS [Docherty
et al., 2011], indicating that chloride measured in the winter study existed partially as NH4Cl in the aerosol
phase. By comparing the excess NH4 with NH4 predicted with only anion chloride considered, we estimated
>50% of chloride may exist as NH4Cl in the aerosol phase during the winter study (Figures S17 and S18).
Direct emissions of NH4Cl or recondensation of NH4Cl from HCl(g) formed from reactions of coemitted KCl
and NaCl with sulfuric acid (H2SO4) or nitric acid (HNO3) are two possible pathways to explain the NH4Cl
sources in biomass burning and coal combustion plumes [Li et al., 2003; Yokelson et al., 2009; Levin et al.,
2010]. A detailed discussion on the chemical structure of chloride in the aerosol phase can be found in
Text S4 in the supporting information.

The second is clean period. Polluted and clean periods usually alternate in the winter of Beijing. In clean periods,
polluted air was usually advected away by clean air at high wind speeds of 5.2m s�1 on average from northern
China (such as Inner Mongolia), Mongolia, or Siberia in Russia. The average PM1 mass concentration in clean
period was as low as 7±5μgm�3, 15 times less than the polluted period average (106μgm�3). Figures 2c
and 2d show that the average chemical composition did not change much between clean and polluted peri-
ods. We interpret this as being due to dilution effects that the aerosol mass concentrations in the clean air from
northern part of China are so low that cannot substantially change the relative chemical composition of
aerosols in polluted period but decrease the absolute ambient aerosol concentrations. New particle formation
and growth was often observed during the clean periods, with expected important contributions from sulfuric
acid [Yue et al., 2010;Wang et al., 2011]. As the image plot of particle number size distributions shown in Figure
S19, we observed frequent new particle formation events in the clean periods in this study.

The third is high RH period. In this winter study, ambient RH was usually relative low, ranging from 16% to 30%.
However, a relative high RH period (~2 days with RH> 60%) was observed (Figure 2e). In the winter study
especially during this high RH period, sulfate closely correlated with RH with R= 0.76, implying the formation
of sulfate during high RH period is probably strongly influenced by aqueous (or cloud) chemistry. Gas phase
chemistry for sulfate formation, i.e., OH+ SO2, may be important during this period as well [Zheng et al., 2015].
Ammonium balance (measured NH4

+/predicted NH4
+) results show that the rapid increases in sulfate

resulted in aerosols to be more acidic at the higher concentration levels in winter (Figure S19) [Zhang
et al., 2007a], whereas the aerosol anions are neutralized by ammonium in summer.

Figure 3a shows the fractions of the main components in PM1 as a function of PM1 mass concentrations
across the whole winter period. When the PM1 concentration is above 50μgm�3, chloride fraction of PM1

increases from 3% to 11% and BC fraction decreases from 17% to 5%; however, the OA fraction (~50%)
and SIA fraction (~30%) stay quite stable, pointing to both contributions of primary emissions and secondary
formation to high PM1 concentration in this winter study. In summer (Figure 3b), the SIA fraction increases
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substantially at high mass concentrations (>50μgm�3), suggesting that the contribution from secondary
formation is more important at higher PM1 concentrations in this summer study.

Concentrations of nonrefractory PM1 (PM1
nr) measured by AMS in Beijing (summer andwinter) and other various

urban and downwind sites worldwide are summarized in Figure 3c. Average PM1
nr concentrations (60 to

80μgm�3) and chemical composition from 2006 to 2013 in Beijing were quite consistent and did not show a
trend with year. Although severe haze was observed frequently in winter of Beijing, the averagemass concentra-
tion of PM1

nr (60–75μgm�3) in Beijing is still comparable to that (48–80μgm�3) in summer because of the fre-
quently occurring clean periods in winter. The high PM1

nr concentrations in Beijing are about twice those in other
Chinese metropolitan areas such as Shanghai [Huang et al., 2012], Shenzhen [He et al., 2011], Lanzhou [Xu et al.,
2014], and Hong Kong [Li et al., 2015] and 2–10 times higher than PM1mass concentrationsmeasured in U.S. and
European urban sites, including polluted regions such as Mexico City and the Los Angeles area. Meanwhile, the
observed PM1

nr in the downwind sites of China also show much higher concentrations (3–8 times) than the
results measured in similar sites in other countries [Cubison et al., 2006; Hings et al., 2007; Takami et al., 2007].
Systematically higher PM1

nr concentrations in urban and suburban regions of China emphasize the heavily
polluted air quality in China.

Figure 3. Variation of PM1 compositions as a function of PM1 mass concentrations in (a) winter and (b) summer. The probabilities of PM1 mass in each study are also
shown on the right axes. (c) The concentrations of nonrefractory PM1 in various urban and downwind sites. Sites in China were labeled by the grey color in the back-
ground (detailed data are shown in Table S6 in the supporting information). Except summer/winter in Beijing, the other three urban summer/winter pairs are shown in
black bold text. The non-China data set are obtained from Zhang et al. [2007b]. All the data sets and related references for Figure 3c can be found in Table S6.
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3.2. Size Distributions of Main Species in PM1

Average mass size distributions of AMS species (versus vacuum aerodynamic diameter, dva, see DeCarlo et al.
[2004]) in summer and winter are shown in Figures 4 and S21. Size distributions of SIA in summer all show
very similar shapes and peak around 600 nm, suggesting internally mixed SIA [Huang et al., 2010]. The
average size distribution peaks (350 nm) of SIA in winter, mainly controlled by the polluted period, were
systematically lower than those in summer. The differences of SIA size peaks may be caused by the lower
photochemical activity in winter than summer, leading to a significant reduction of SIA production processes
and consequently reduced particle growth rates. Higher new particle formation in winter also spreads the
condensing mass onto more particles, leading to smaller average sizes. However, we found that average size
distribution peaks of SIA (600–700 nm) in the high RH period of the winter study was systematically larger
than those (300–400 nm) in clean and polluted periods (Figure S22), suggesting that the aqueous chemistry
in the high RH period could lead to a faster particle growth rate of secondary species than photochemical
activities or the aerosol is going through more cloud processing in this period, which also partially explain
the high SIA (especially sulfate) concentrations measured in this high RH period [Ge et al., 2012b].

Figure 4. Averaged mass size distributions of OA, sulfate, nitrate, and ammonium and chloride in (a) winter and (b) summer.
The fraction of chemical components as a function of particle sizes in (c) winter and (d) summer. Size distribution of selected
m/z in (e) winter and (f) summer. To better distinguish the size distribution shapes, the size distributions of different ions
in Figures 4e and 4f weremultiplied by a factor tomake their peak height consistently. The peak height of m/z 57 was used as
a reference here. CO2

+ is the main ion at m/z 44 (CO2
+/m44 = 84% in winter and 92% in summer on average), C10H8

+ is
the main ion at m/z 128 (win: 86%; sum: 60%) ; C2H4O2

+ is the main ion at m/z 60 (win: 94%; sum: 60%); C4H9
+ and C3H5O

+

are two major ions at m/z 57 (win: 94% in total; sum: 96% in total).
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The average size distribution of OA in summer was much wider than that for SIA. The OA size distribution
peaked around 500–600nm and showed enhancements at small particle sizes (100–300nm), as displayed in
Figures 4b and 4d. The OA size enhancement in small mode is similar to other observations in the summer
of Beijing, e.g., 2006 [Sun et al., 2010], 2008 [Huang et al., 2010], and some urban areas in North America
[Zhang et al., 2005a; Aiken et al., 2009]. The enhancement of OA at smaller sizes may be associated with primary
emissions from vehicle emissions, supported by the size distributions of m/z 57, which has strong contributions
from primary emissions [Zhang et al., 2005b] and is enhanced in the smaller sizes (Figure 4e). This contrasts with
m/z 44, a marker of secondary OA and carboxylic acids [Ng et al., 2011a; Yatavelli et al., 2015]. The peak of OA in
winter (400 nm) was smaller than in summer (500–600nm). This may reflect not only the reduced secondary
aerosol formation in winter but also the very high contributions from primary combustion sources (vehicle
emissions, coal combustion, and biomass burning) in winter. For example, we observed ion m/z 57 from
primary sources, m/z 60 substantially contributed by biomass burnings [Cubison et al., 2011], and m/z 128,
mainly composed of PAHs ions (C8H10

+) from coal combustion and BBOA [Hu et al., 2013], tended to peak at
the smaller size compared to oxygenated ion m/z 44. The percent of OA was above 50% across the whole size
range in winter. However, SIA definitely dominated (>60%) the larger sizes (>400nm) of PM1

nr in summer.

3.3. Primary OA Sources

The different chemical composition and size distributions of PM1 between winter and summer imply differ-
ent relative impacts of emission sources/formation pathways of OA in both seasons. In winter, six OA factors
were resolved by the PMF method, as shown in Figure 5. They are more-oxidized oxygenated OA (MO-OOA;
O/C = 0.58), less-oxidized oxygenated OA (LO-OOA; O/C = 0.47), cooking OA (COA; O/C = 0.14), biomass
burning OA (BBOA; O/C = 0.22), coal combustion OA (CCOA; O/C = 0.16), and hydrocarbon-like OA (HOA,
O/C = 0.15). In summer, four OA factors were found (Figure 6), which are MO-OOA (O/C= .82), LO-OOA

Figure 5. (left column) Spectra of different OA factors in winter; elemental ratios of each OA factor are also added. (right column) Time series of OA factors and other
relevant species. The inset plot shows the autocorrelation of time series of different OA components (colors are those of the factor names in Figure 5 (right column)).
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Figure 6. (left column) Spectra of different OA factors in summer; elemental ratios of each OA factor are also added. (right column) Time series of OA factors and
other relevant species. The inset plot shows the autocorrelation of time series of different OA factors (colors are those of the factor names in Figure 6 (right column)).

Figure 7. Diurnal variations of PMF factor mass concentrations in (a) winter and (d) summer; diurnal variations of PMF
factor fractions of OA in (b) winter and (e) summer; average fractions of PMF factors in OA in (c) winter and (f) summer.
The average fraction of PMF factors in OA during the high RH period of winter study is also shown.
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(O/C = 0.62), COA (O/C = 0.17), and HOA
(O/C = 0.22). The O/C ratio in each factor
was estimated by the updated method in
Canagaratna et al. [2015]. Comparisons
of O/C and H/C of each PMF factor
between previous Aiken and updated
Canagaratna methods can be found in
Table S7. Detailed characteristics of differ-
ent OA factors are discussed below.
3.3.1. Hydrocarbon-Like OA (HOA)
HOA was resolved in both summer and
winter. Both HOA factors are substantially
contributed by alkyl fragments (CnH2n+1

and CnH2n�1), as displayed in Figures 5
and 6, and show consistent peaks in both
spectra (Figure S23). The change of O/C
ratios between previous and updated cali-
bration methods in both HOA factors
resolved in this study (22% and 25% in
winter and summer) is similar to the
change of HOA (24%–31%) reported in
Canagaratna et al. [2015]. The updated
O/C ratios in both HOA (0.15 and 0.22 in
winter and summer) are similar to values
of HOA (0.05–0.25) obtained in other stu-
dies [Jimenez et al., 2009; Huang et al.,
2010; Morgan et al., 2010; Ng et al., 2011b],
considering applying the updated calibra-
tion (a factor of 1.25 from HOA in the winter
study, Table S7) to the published results.
Good correlation between HOA and pri-
mary emission tracers (i.e., BC and NOx) sug-
gests that HOA in Beijing is mainly
contributed by vehicle emissions. Wang
et al. [2009] reported that vehicle emissions
can account for 12–16% of organic carbon
in the summer (2006) and winter (2005) of
Beijing-based molecular-level OA source

apportionment, which are similar to the HOA fractions (13% in summer and 14% in winter) in our study. The
enhancements in the diurnal variations of HOA around 7:00–9:00 are consistent with the rush hour of Beijing traf-
fic (Figure 7) [Lin et al., 2009; Huang et al., 2010].
3.3.2. Coal Combustion OA (CCOA)
Coal combustion is one of the main energy sources in China and is used extensively for domestic heating in
northern China [Zhang et al., 2008]. Coal consumption in China increases yearly and accounted for ~70% of
total energy consumption from 2005 to 2011 in China, with use in power plants year round and for domestic
heating during cold periods only [Zhang et al., 2012]. Coal combustion OA was only resolved in the winter
study, indicating that this CCOA factor is dominated by domestic burning with higher OA emission factors
[Chen et al., 2005; Zhang et al., 2008]. In addition to alkyl fragments (CnHþ

2nþ1 and CnHþ
2n�1), typical of POA ions

from fossil fuel combustion, the spectrum of CCOA also showed pronounced peaks of polycyclic aromatic
hydrocarbons (PAHs) ions (e.g., C10H8

+ naphthalene and C14H10
+ anthracene), consistent with the high

PAHs fraction in OA (>50%) from domestic coal combustion [Xu et al., 2006]. The CCOA spectrum in the
winter study is also similar to CCOA spectrum resolved in Changdao, China [Hu et al., 2013]. Compared to
the H/C in other primary OA (1.8–2.0) [Jimenez et al., 2009; Mohr et al., 2009], H/C in CCOA (1.56) is lower.
The OA/OC and O/C ratios in CCOA were 1.35 and 0.16, respectively.

Figure 8. Comparisons of source apportionment of OA in the (a) summer
and (b) winter studies of Beijing in recent years. The methods used in
different studies are labeled in the bottom of x axis. Note that (1) the filter
CMBmethod cannot resolve out SOA factor, so the fraction of OA named
“others” in the CMBmethod is the sum of SOA plus unresolved/unknown
OA, which represents the upper limits of the SOA fraction in OA. (2) We
used 1.8 as a conversion factor to convert SOC to SOA and 1.4 for POC to
POA for results from filter-CMB and EC-tracer method. These converting
factor were obtained based on the OA/OC ratio of OOA and POA in this
study (Figures 5 and 6). The data and corresponding references of other
studies shown in Figure 8 can be found in Tables S8 and S9.
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CCOA accounted for 24% of total OA
on average, within the range of
10–33% reported in other studies in
the winter of Beijing (Figure 8).
CCOA shows clear diurnal variations
with low mass concentrations (down
to 2μgm�3) in daytime and high
(16μgm�3) at night, corresponding
to 3.4% and 40% of total OA, respec-
tively (Figures 7a and 7b). The high
abundance (40%) of CCOA in total
OA points to strong coal combustion
emissions in the evening and night in
Beijing, which is consistent with the
residential heating periods.

3.3.3. Cooking OA (COA)
COA resolved by AMS OA spectra are
widely reported in urban areas with
high population densities [He et al.,
2010; Huang et al., 2010; Mohr et al.,
2012]. In the year of 2011, the popula-
tion in Beijing reached 20 million
with over 70,000 restaurants [News,
2011]. In this study, cooking OA was

resolved in both winter and summer seasons (Figures 5 and 6). The spectra of COA in our study contained
many alkyl fragments and a certain amount of oxygen-containing ions, consistent with aliphatic acids (e.g.,
linoleic acid and palmitic acid) in the cooking oils or fat of the meat reported in other studies [He et al.,
2004; Zhao et al., 2007;Mohr et al., 2009; He et al., 2010]. Allan et al. [2010] also reported the similarity between
the spectra of PMF-resolved COA and cooking oil, suggesting that the oil vaporized from cooking process
may significantly contribute the COA mass resolved by AMS. The O/C of COA in summer and winter were
0.17 and 0.14, and OA/OC ratios were 1.39 and 1.35, respectively.

Mohr et al. [2012] found the ratio between m/z 55 (C4H7
+ + C3H3O

+) and m/z 57 (C4H9
+ + C3H5O

+) is distinctly
higher (2.2–2.8) than the ratios (0.9–1.1) in other noncooking POA components. COA resolved in Beijing had
consistently high m/z 55 versus m/z 57 ratios of 2.25 (summer) and 1.9 (winter) as well (Figure 9). In the ambi-
ent bulk OA data, the ratio between f55 (=m/z 55/OA) and f57 (=m/z 57/OA) in Beijing increased proportion-
ally as the COA fractions of OA increased in both studies (Figure 9). Similar COA fraction dependence trend
was also observed in the ratio between hydrocarbon ions (C4H7

+ versus C4H9
+ ) and oxygenated ions

(C3H3O
+ versus C3H5O

+ ) in m/z 55 and m/z 57 (Figure S24). In some ambient measurements, C6H10O
+ (m/

z 98) in AMS OA spectra was reported to be a tracer of COA [Sun et al., 2011]. We checked through all correla-
tions between time series of organic ions in AMS and COA resolved in this study and also found that C6H10O

+

ion correlates best with COA (R= 0.94) and thus is its best internal tracer. Around 65% of this ion signal in
summer was contributed by COA, with other contributions from LO-OOA and MO-OOA (Figure S25). In win-
ter, biomass burning OA also can contribute to C6H10O

+ background (Figure S26). The relative abundance of
C6H10O

+ in COA is around 0.3–0.4%.

In this study, themost pronounced feature of COA is its clearly enhanced diurnal peaks around noon (12:00–13:00)
and late evening (19:00–20:00), consistent with common lunch and dinner times. During these meal times, COA
can account for 45% and 35% of total OA on average or ~25% of total PM1, signifying the importance of con-
trolling cooking sources as strategy to reduce aerosol mass concentrations in Beijing or other urban areas.

Time series of species concentrations can be analyzed using an autocorrelation plot. In these plots, correlation of
each factor with itself is calculated for various time offsets [e.g., Hayes et al., 2013]. Components with high-
frequency fluctuations (i.e., spikes in time) in their time series will have a steep autocorrelation profile and vice
versa. This plot is shown in the insets of Figures 5 and 6. In the autocorrelation plot, COA has the steepest profile

Figure 9. Scatterplots between f55 versus f57 in Beijing. The f55 versus f57
ratios of “HOA PMF” and “COA PMF” represent average f55 versus f57 values
from a small subset of summarized HOA and COA PMF factors in Mohr et al.
[2012]. The f55 versus f57 ratios of “HOA source” and “COA sources” represent
f55 versus f57 values averaged from several lab source studies reported inMohr
et al. [2012]. f55, sub OOA = (m/z 55�m/z55MO�OOA�m/z55LO�OOA)/OA;
f57, sub OOA= (m/z 57�m/z57MO�OOA�m/z57LO�OOA)/OA.
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and thus has the most local character of all OA components in both seasons. Coal combustion OA in winter also
show similar peakwidth as COA in autocorrelation plot, indicating that the CCOA is likely from local sources aswell.

Overall, COA was 21% of total OA in summer and 19% in winter on average, consistent with previous results
(13–24%) listed in Table 2, indicating that cooking is a stable contributor to OA in Beijing. By combining our
results and the published results, we find that the average COA fraction (19 ± 3% of OA) in Beijing is
comparable with COA fractions (18 ± 6%) in western cities, whereas the average COA mass concentration
in Beijing (6 ± 1μgm�3 versus 1 ± 0.5μgm�3) is much higher.

Huang et al. [2014] and Zhang et al. [2015b] used radiocarbon measurements to quantify the nonfossil frac-
tion of OA in the winter (January 2013) of Beijing as 37–52% at different degree of polluted days. However,
they assigned nonfossil SOA and BBOA to be the main sources of nonfossil organic carbon, neglecting the
contribution of cooking sources. Based on the source apportionment results in our study and multiple other
studies in Figure 8, COA can contribute substantially (13–24%) to total OA and specifically account for
45–50% of nonfossil POA matter in this study. Thus, the contribution of cooking to nonfossil OC in Beijing
should not be omitted. The total nonfossil primary organic carbon (cooking + biomass burning, not including
SOA) in this study can account for 27% and 33% of total OC in the summer and winter, respectively.
3.3.4. Biomass Burning OA (BBOA)
BBOA was only identified in winter as well. Wang et al. [2009] showed that wood combustion is the main
source of biomass burning (90%) and that the straw combustion contribution is relatively small (10%) in
the winter of Beijing. We found good agreement on time series of BBOA and biomass burning tracers acet-
onitrile (R= 0.91) [Yuan et al., 2010] and chloride (R= 0.84) [Andreae and Merlet, 2001], as shown in Table
S5. m/z 60 in AMS OA spectra is a tracer of BBOA [Alfarra et al., 2007; Lee et al., 2010; Cubison et al., 2011].
Analysis on HR OA spectra showed that m/z 60 was dominated by C2H4O2

+, which is mainly enhanced by
biomass-burning tracer levoglucosan and related species (mannosan, galactosan, etc.) [Cubison et al.,
2011]. Scatterplots of f44 versus f60 in summer are totally outside of empirical triangle area of biomass burning
plumes and within the nonbiomass burning influenced background areas (Figure S27a), consistent with neg-
ligible biomass burning contributions to the OA in summer of Beijing. We observed higher f60 and lower f44 in
winter (toward the center of triangle area of biomass burning plumes) as BBOA increased its relative impor-
tance in total OA (Figure S27b). The f44 and f60 of BBOA (0.01 versus 0.015) from the winter study are also
within the triangle area and show similar range to the other BBOA PMF factors or these from biomass burning
chamber studies. The other non-BBOA POA factors in winter show less f60 (≤0.01) than BBOA (0.015).

BBOA had an O/C ratio of 0.22, thought to be contributed by oxygenated species from biomass burning
[Aiken et al., 2010]. BBOA accounts for 12% of total OA on average in winter. The diurnal variations of
BBOA were similar to those of CCOA, i.e., higher in the evening and night and lower during daytime.

Table 2. Mass Concentrations of Cooking OA and Its Fractions of OA in Beijing and Other Cities

Observation Site Sampling Period Percentage of OA (%) Mass Concentrations (μgm�3) References

Beijing, China 2010 Winter 19 6.6 This study
Beijing, China 2011 Summer 21 5.5 This study
Beijing, China 2008 Summer 24 5.8 Huang et al. [2010]
Beijing, China 2011 Winter 19 6.6 Sun et al. [2013]
Beijing, China 2013 Winter 13 4.8 Sun et al. [2014]
Beijing, China 2013 Winter 20 8.9 Zhang et al. [2014]
Average Beijing Studies 19.3 ± 3.6 6.4 ± 1.4
Lanzhou, China 2012 Jul to Aug 24 2.8 Xu et al. [2014]
London, UK 2006 Oct 22 - Allan et al. [2010]
London,UK 2007 Oct to Nov 30 - Allan et al. [2010]
Manchester,UK 2007 Jan 19 - Allan et al. [2010]
Paris 2009 Jul 15 0.33 Crippa et al. [2013]
Barcelona, Spain 2009 Mar 17 1.5 Mohr et al. [2012]
Zurich, Switzerland 2005 Summer 6.5 0.43 Lanz et al. [2008]
Los Angeles, USA 2010 May to Jun 17 1.2 Hayes et al. [2013]
New York, USA 2009 Summer 16 1.0 Sun et al. [2011]
Fresno, USA 2010 Jan 19 1.5 Ge et al. [2012a]
Average western cities 17.9 ± 6.2 1.0 ± 0.5
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However, BBOA represented a relatively constant fraction of total OA in diurnal profiles, indicating biomass
burning in winter is likely a more regional than urban phenomenon in this area [Duan et al., 2004; Wang
et al., 2009]. This conclusion is also supported by the broader R2 peak width of BBOA than those from
CCOA and COA in the autocorrelation plot (inset in Figure 5).
3.3.5. POA/CO Ratios
In summary, total POA accounts for 69% and 34% of OA in winter and summer, respectively. The average frac-
tion of total primary species (including POA, BC, and chloride) in PM1 is 58% and 18%, respectively. Several
studies show that POA has good correlation with primary emitted species CO in the urban area [Turpin and
Huntzicker, 1995; de Gouw and Jimenez, 2009]. Even though different sources emit POA and CO in different
ratios, the sources are very finely intermixed spatially in an urban area, and thus, the emission ratio for the
whole urban area can be studied. This emission ratio can be used to estimate POA contributions to the global
OA budget. De Gouw and Jimenez [2009] reported that POA/ΔCO ratios (above background levels of CO) in
urban areas can range from 3 to 15μgm�3 ppm�1. For comparisons, ratios between POA/ΔCO (above back-
ground levels of CO) in the winter and summer of Beijing, as well as Changdao island located in downwind of
the North China Plain are also investigated by regressing POA and ΔCO. CO background (100 ppb in summer
and 140 ppb in winter) was determined by the lowest CO concentration observed in the summer and winter
study, respectively, as shown in Figure S28. Finally, emission ratios of POA versus ΔCO under ambient
condition are 11μgm�3 ppm�1 in Beijing winter, 16μgm�3 ppm�1 in summer, and 13μgm�3 ppm�1 in
Changdao island (Table 3 and Figure S29), which is comparable to the values reported in the eastern U.S.
(9μgm�3 ppm�1) [de Gouw and Jimenez, 2009], Los Angeles (6.4–13μgm�3 ppm�1) [Hayes et al., 2013],

and Tokyo (11–14μgm�3 ppm�1)
[Takegawa et al., 2006]. Cooking sources
emit much less CO than the other
combustion OA, and a much higher
COA/ΔCO ratio than other combustion
OA/ΔCO was observed (e.g., OA/ΔCO of
with high COA abundance in OA is a fac-
tor of 2 higher than with HOA in Los
Angeles) [Hayes et al., 2013]. If we
exclude COA in the POA/ΔCO calcula-
tions, the emission ratios of POA versus
ΔCO in winter and summer are 9 and
6μgm�3 ppm�1, respectively.

3.4. Oxygenated OA Sources
3.4.1. LO-OOA and MO-OOA
In the summer study, two SOA factors
(MO-OOA and LO-OOA) were resolved.
Comparisons between time series of
MO-OOA and LO-OOA factors with other
gas, aerosol species, and meteorological
parameters are listed in Tables S3 and

Table 3. Summary of Elemental Ratios and Other Key Parameters in This Study

Beijing Winter Beijing Summer

OA/OC ratio 1.58 ± 0.1 1.91 ± 0.1
O/C ratio 0.32 ± 0.07 0.56 ± 0.1
H/C ratio 1.65 ± 0.04 1.61 ± 0.06
N/C 1.6 × 10�2 ± 0.4 × 10�2 2.0 × 10�2 ± 0.5 × 10�2

Total POA/ΔCO (μgm�3 ppm�1) 11 16
Noncooking POA/ΔCOa (μgm�3 ppm�1) 9 6
OOA/Ox (μgm

�3 ppb�1) 0.49 0.22-1.2
kOH of OA aging (cm3molecule�1 s�1) - 4.1 × 10�12

aCooking OA was excluded in POA/CO calculation.

Figure 10. Diurnal variations of VOCs species isoprene, monoterpene,
and isoprene oxidation product MVK +MACK (left axis), together with
LO-OOA and MO-OOA (right axis) in the summer study of Beijing.
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S5. Both OOA factors are very similar to the spectra of other OOA factors resolved in other cities [Mohr et al.,
2012; Hayes et al., 2013; Zhang et al., 2014]. MO-OOA in summer was relatively aged with high O/C of 0.82 and
OA/OC of 2.24 (Figure 5), similar to values of aged SOA reported in remote regional areas [Turpin and Lim,
2001; Hu et al., 2012; Canagaratna et al., 2015]. The time series of MO-OOA correlated well (R= 0.90) with sul-
fate (Figure 6), which is produced over regional scales [Canagaratna et al., 2007]. A similar good correlation
between OOA and sulfate was observed in previous Beijing summer studies [Huang et al., 2010; Sun et al.,
2010] and in western urban areas [Aiken et al., 2009; Mohr et al., 2012; Hayes et al., 2013].

LO-OOA resolved in summer was less aged with an O/C of 0.62 and OA/OC of 1.96. LO-OOA correlates well with
VOC photochemical products (e.g., isoprene oxidation product methyl vinyl ketone (MVK) +Methacrolein
(MACR), R=0.61 acetaldehyde, R=0.76, and acetone, R=0.73), as shown in Figures 6 and 10. The major sources
of MVK+MACR (lifetime= approximately half a day) and acetaldehyde (lifetime=~1day) should be from
photochemical oxidation in the atmosphere [Jacob et al., 2002; Millet et al., 2010; Slowik et al., 2010]. The good
correlation between LO-OOA and these oxidized VOCs indicates that LO-OOA was a more freshly formed SOA
by photochemical activities [Slowik et al., 2010], consistent with its lower O/C thanMO-OOA. In addition, despite
themuch deeper boundary layer in daytime, the diurnal profile of LO-OOA showed a pronounced peak at noon
(Figure 7), supporting the association of LO-OOA as a strong local/regional photochemical product. The average
isoprene and MVK+MACR concentrations in Beijing study are 0.49± 0.2 and 0.85± 0.5 ppb, respectively. The
good correlation (R=0.61) and similar diurnal variation (Figure 10) between MVK+MACR and LO-OOA imply
that isoprene oxidation might contribute to SOA formation in the summer of Beijing. However, the absolute
biogenic contribution to total SOA formation in Beijing should be small, based on the low relative concentra-
tions of biogenic VOCs to OA and the calculated values of kOH in total OA, which will be discussed in
section 3.7. LO-OOA and MO-OOA account for 28.4% and 37.3% of total OA on average. High SOA fraction
(66%) of OA is consistent with strong photochemical activity in summer.

In winter, two SOA factors were also resolved, as shown in Figure 5. We also name them LO-OOA andMO-OOA,
although their sources and properties may be different from the components of the same name identified in
the summer study, since the PMF analyses were performed independently. LO-OOA inwinter showed good cor-
relation with sulfate (R=0.93) and RH (R=0.79). The covariations between LO-OOA with sulfate and RH suggest
that formation of LO-OOAmay be driven by aqueous or cloud chemistry in regional air masses [Lee et al., 2012;
Zheng et al., 2014]. The liquid water content (LWC) in the aerosol phase during the winter study (especially
during high RH periods, LWC> 100μgm�3) were similar to those observed in the summer study (mainly from
50 to 200μgm�3) (Figure S30), the latter of which is suggested to be contributed by aqueous reactions (see
section 3.4.3). The comparable LWC levels between winter and summer studies indicate condensed phase
water in aerosol during some high RH periods of the winter study should not be the limiting factor to initialize
the aqueous phase reaction, compared to Beijing summer. Although the RH valuewasmeasured at ground site,
the consistence that higher RH (>50%) corresponds to higher sulfate fraction in total sulfur, also known as
sulfate oxidation ratio, indicates that RH here can roughly reflect the RH history that the aerosols have experi-
enced (Figure S31).

As discussed earlier, the aerosol in winter was more acidic at high sulfate concentrations. It is unclear whether
acid-catalyzed or enhanced reactions in wet aerosols contribute to LO-OOA formation in winter. Based on
box model results which simulated urban SOA formation under high NOx conditions, McNeill et al. [2012]
found that SOA formed through aqueous reactions is insensitive to the pH and tends to increase with RH.
Here we examine the effect of aerosol acidity influences by using ammonium balance ratio to color code
the scatterplots of LO-OOA versus Ox (Figure S32). The slope of latter was usually used as diagnostic tools
to examine the photochemical oxidation of SOA [Herndon et al., 2008]. The results show that LO-OOA/Ox

slopes does not have a dependency on acidity of aerosol. Thus, the acidity of aerosol might not play an
important role to the LO-OOA formation in winter, consistent with the box model results [McNeill et al., 2012].

The autocorrelation plot (Figure 5, inset) shows a narrower width for MO-OOA versus LO-OOA, suggesting MO-
OOA inwinter is more local than LO-OOA. This conclusion is also supported by the diurnal variation ofMO-OOA,
with a pronounced peak in the afternoon despite the expanded boundary layer, implying that the MO-OOA in
winter may be formed through photochemical processes in the daytime. The diurnal MO-OOA fractions of total
OA was also more enhanced than the constant fraction of LO-OOA. MO-OOA showed good correlation
(R=0.86) with nitrate, whose formation has an important contribution from gas-particle partitioning and
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photochemical formations. The total average fraction of SOA (MO-OOA+LO-OOA) in winter is around 31% but
can be as high as 50% in the high RH period with aqueous chemistry contributions (Figure 7).

The scatterplots of four OOA spectra in summer and winter are shown in Figure S33. In summary, the LO-OOA
(O/C = 0.62) in summer study and MO-OOA (O/C= 0.58) in the winter study are more related with photo-
chemistry and have similar oxidation level. A better correlation of spectra (R= 0.97) between LO-OOA in
summer and MO-OOA in winter was also found. The MO-OOA (O/C= 0.82) in summer study and LO-OOA
(O/C = 0.47) in the winter study, both of which are supposed to go through more regional process and with
partial aqueous chemistry contributions, show a large difference (a factor of 1.7) in oxidation levels, consis-
tent with the stronger oxidation capacity of air in the summer and weaker in the winter study.
3.4.2. Comparison With Other SOA Source Apportionments
Besides this study, several other studies have been published to investigate the OA sources in the Beijing area
in the last several years. By comparing our source apportionment results with the literatures’ results (Figure 8),
we found that SOA composes 45–67% of the total OA in the summer of Beijing, indicating that secondary
sources are consistently the most important source of OA concentrations in this season. Taking into account
SIA, secondary sources can explain three quarters (82% in this study) of PM1 in summer [Zheng et al., 2005;
Lin et al., 2009;Wang et al., 2009; Sun et al., 2013]. SOA fractions of total OA in Beijing winter varied between

Figure 11. Scatterplots of OOA versus Ox in the (a) winter and (b) summer studies, as well as (c) LO-OOA versus Ox and (d) MO-OOA versus Ox in the winter study. All
scatterplots are color coded by ambient RH.
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23 and 33% from 2000 to 2011, indicating that POA dominates but SOA is still significant in winter.
However, in recent studies, Sun et al. [2014], Zhang et al. [2014], and Huang et al. [2014] showed similar con-
clusions based on independent measurements at the same winter period (January 2013) in Beijing where
SOA may account for more than 50% of total OA during hazy days. This is consistent with our results: on
one of the haze period (high RH period: 30 November to 2 December) with relative high RH (70%), we also
observed 50% of OA is SOA. Thus, we conclude that the OA in the winter of Beijing has a larger contribution
from POA. However, in the occasional high RH periods, SOA from aqueous chemistry leads to high sulfate
and SOA formation and also can contribute substantially to haze period.
3.4.3. OOA Versus Ox

Regression slopes between OOA and Ox in photochemically processed urban emissions provide a metric to
investigate the relative efficiency of SOA versus O3 formation during photochemical oxidation [Herndon et al.,
2008; Wood et al., 2010; Hayes et al., 2013].

Scatterplots of OOA versus Ox in summer and winter are shown in Figure 11 and Table 3. We found strong
correlation between OOA and Ox in winter with a regression slope of 0.49μgm�3 ppb�1 under ambient con-
dition and 0.486 in standard condition (temperature = 273.15 K and 1 atm.). This slope is about three times
higher than the ratios obtained in the other strong anthropogenic emissions-influenced urban areas, such
as Pasadena, CA, of 0.15μgm�3 ppb�1 [Hayes et al., 2013], Riverside, CA, of 0.14μgm�3 ppb�1 [Docherty
et al., 2011], Houston, TX, of typical 0.03μgm�3 ppb�1 [Wood et al., 2010], Mexico City of 0.16μgm�3 ppb�1

[Herndon et al., 2008], Tokyo of 0.19μgm�3 ppb�1 [Morino et al., 2014], and Paris of 0.14μgm�3 ppb�1

[Zhang et al., 2015a], indicating that SOA versus O3 formation chemistry in winter is quite different with that
in other cities. Note that the low ratio in Houston is thought to be due to very strong emissions of small
alkenes which form O3 efficiently but not SOA [Wood et al., 2010]. Several reasons may explain the higher
OOA/Ox ratios observed in the winter study.

The Differences of VOCs Precursor Between Beijing and Other Studies. Although the emission ratio (VOCs versus
CO) in Beijing is very similar to the U.S. cities for short-chain VOCs species (<C10) [Yuan et al., 2012], a higher
abundance of semivolatile VOCs (e.g., PAHs and long-chain alkanes with C> 10) is likely in the winter of
Beijing, because of the strong primary sources of biomass burning, coal combustions, and vehicle emissions
[Presto et al., 2009; Ortega et al., 2013]. However, semivolatile species were not measured in this study or in
any other studies in Beijing, to the best of our knowledge. Changdao island is located in the downwind of
the North China Plain and has both coal combustion and vehicle emission contributions to OA as Beijing
winter study [Hu et al., 2013]. Yuan et al. [2013] estimated that the potential SOA formation from semivolatile
species can be 2–3 times higher than that from all measured short-chain VOCs at Changdao island. In addi-
tion, the average temperature in the winter study is 2.7 ± 3.8°C that is much lower than the 16–27°C in other
studies (Houston, Pasadena, and Mexico City) discussed above. The lower temperatures in winter of Beijing
also facilitate the partitioning of semivolatile oxidized species into particle phase which may help to close
the gap of OOA/Ox between the winter study in Beijing and other studies in western cities.

Extra Aqueous SOA Formation in the Particle Phase. RH was used to color code the scatterplots of OOA versus Ox,
together with MO-OOA and LO-OOA versus Ox (Figure 11). Results show that LO-OOA/Ox ratios tend to be higher

Figure 12. PMF factor fractions of OA as a function of total OA mass concentrations in Beijing (a) winter and (b) summer.
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during the high RH period (>50%), suggesting that SOA formed by aqueous chemistry can increase the ratio com-
pared to gas-phase photochemistry (together with Ox formation). The MO-OOA/Ox ratios do not show obvious
dependent trend on RH (Figure 11d), which is reasonable sinceMO-OOAwas suggested to bemainly from photo-
chemical processes. Note that Ox formation may also be reduced under cloudy conditions, affecting the ratio.

In contrast to winter, the ratio between OOA and Ox spans a very wide range in summer (Figure 11b). High RH
(from 20 to 91%, 66 ± 14% on average) was typical in summer. The ratios between OOA and Ox increase gra-
dually with RH, from 0.12 to 1.2μgm�3 ppb�1. Although the diurnal variation of RH is coincidently opposite
to the diurnal profile of Ox, a factor of 2–3 of RH variation ratio in summer cannot fully explain the large
variation ratio of 10 in OOA/Ox, indicating that the secondary formation through aqueous reaction is likely
a potential contributor to SOA formation in summer as well.

3.5. Source Contributions to OA Enhancement

OA in Beijing varied between 1.7 to 132μgm�3 in summer and 0.2 to 220μgm�3 in winter. Figure 12 shows the
relative importance of the OA sources at different OA concentrations. In summer, OOAwas the dominant compo-
nent (50–80%) across the whole range of OAmass variations. In contrast, in winter there is a clear trend with OOA
being more important at lower OA and the POA sources becoming more dominant at the higher OA concentra-
tions. Biomass burning and coal combustionOA are enhanced during the periodswith the highest concentrations.
BBOA and CCOA can explain 57% of total OA at high OAmass concentrations (>100μgm�3). Total POA/OA frac-
tion increases at a rough rate of 0.25% per μgm�3. The health effect of coal combustion OA and biomass burning
OA, which has been found causing respiratory and allergic diseases [Kleinerman et al., 2002; Lundstedt et al., 2007],
should be seriously considered for the high abundance of toxic PAHs in these two OA sources.

3.6. Diurnal Variation of OA Elemental Composition

OA/OC and O/C can be used as surrogates to represent the oxidation level of OA. More aged OA tends to
have higher OA/OC and O/C [Aiken et al., 2008; Jimenez et al., 2009]. OA/OC ratios are usually in the range
of 1.4–1.8 for urban area and 2.0–2.5 for oxidized OA aerosol in remote areas [Turpin and Lim, 2001; Aiken

Figure 13. Diurnal variation profiles of elemental ratios in OA in the (a, c) winter and (b, d) summer studies of Beijing;
(e) OA/OC and (f) O/C as a function of photochemical age in the summer study of Beijing. The histogram of photochemical
age in summer study is also shown on the right axis of Figure 13e. For comparison, a factor of 1.25 wasmultiplied to the O/C in
both studies in MILAGRO (Megacity Initiative-Local And Global Research Observations) field measurement [Dzepina et al.,
2011; Hodzic and Jimenez, 2011] for converting the O/C based on previous calibration [Aiken et al., 2007] to updated new
correction [Canagaratna et al., 2015]. The curve inDzepina et al. [2011] is themeasured O/C results and inHozidic et al. [2011] is
the model fitting result.
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et al., 2008; Hu et al., 2012]. The average OA/OC and O/C in winter (1.58 ± 0.1 and 0.32 ± 0.07) were consis-
tently lower values than these in summer (1.91 ± 0.1 and 0.56 ± 0.1), consistent with stronger photochemical
activity and SOA contribution in summer versus dominance of primary emissions in winter. The average H/C
ratios in summer and winter were 1.61 ± 0.06 and 1.65 ± 0.04, respectively.

The oxidation states of OA in summer and winter showed similar diurnal variations (Figure 13). O/C and OA/OC
started to increase in the morning and then peaked in the afternoon. Both parameters stayed about constant
between 6:00–8:00A.M., which may be caused by the vehicle emissions in the morning rush hours in both sea-
sons. The decrease of OA/OC andO/C around noon (12:00–13:00) and late evening (19:00–20:00) was consistent
with the cooking emission peaks in both seasons shown in Figure 7. OA/OC and O/C in summer increased after
the late evening till dawn, while the oxidiation levels in winter were more stable during night. The different
trends may be due to continuing SOA formation or OA aging (with oxidant O3 or NO3) at the night of summer.
In contrast, continuing primary emissions of coal combustion OA in the night of winter may counteract any
additional SOA formation or aging, thus resulting in a relative constant OA/OC and O/C ratios in winter.
Elemental H in OAmainly comes from the fragments of alkyl ions [Aiken et al., 2008]. With the oxidation process
of OA, the alkyl ions were replaced with oxidized ions containing O elements [Aiken et al., 2008; Heald et al.,
2010]. Hence, the diurnal variations of H/C ratio show the opposite trend to O/C ratio (Figures 13c and 13d).

3.7. Estimation of kOH for OA Aging

The OA/OC and O/C ratios as a function of photochemical age in summer are shown in Figures 13e and 13f.
Data from Changdao island were also added as a reference [Hu et al., 2013]. The photochemical age in sum-
mer was estimated from the ratio of VOCs species benzene andm,p-xylene based on their different reaction
rates with OH radicals, further leading to different lifetimes in the atmosphere. Detailed information on
photochemical age (OH exposure) is given in Yuan et al. [2013]. An average OH concentration of
1.5 × 106molecule cm�3 was used to calculate photochemical age (0–12 h) in the summer study. OA/OC
increased with photochemical age from 1.4 to 1.8 at lower ages (0–2 h) to 1.8–2.2 at higher photochemical
ages (10–12 h). Photochemical age in summer is lower than the values obtained in Changdao island, consis-
tent with the fact that the sampling site is an urban site, closer to the emissions sources than at downwind
site (Figure 13f). The evolution of O/C with photochemical age in Changdao and Beijing is also comparable
to what is observed in Mexico City [Dzepina et al., 2011; Hodzic and Jimenez, 2011], consistent with the anthro-
pogenic precursors dominated in both areas.

Empirical rate constants of anthropogenically dominated OA agingwith OH radical (kOH) are a useful parameter
for regional and global SOA modeling work and for comparison across locations [Dzepina et al., 2011; Hodzic
and Jimenez, 2011]. If we assume the SOA formation and aging can be represented as a first-order process pro-
portional to OH radical concentration, then the kOH of OA aging can be estimated by fitting the scatterplot of
OA/OC (or O/C) versus photochemical age (Figure 13f) following equation: OA/OC=A� B×exp(C×age). The
kOH can be estimated by the fitted parameter C in the equation divided by the average OH concentration
[DeCarlo et al., 2010]. kOH estimated in summer is 4.1 × 10�12 cm3molecule�1 s�1. This value is slightly
smaller than the value (5.2 × 10�12 cm3molecule�1 s�1) obtained at Changdao island and within the range
of kOH (3–12.5× 10

�12 cm3molecule�1 s�1) of SOA formation applied in other anthropogenic influenced areas,
and far below kOH values (>50×10�12 cm3molecule�1 s�1) for biogenic VOCs oxidation (Figure S34) [Hodzic
and Jimenez, 2011; Spracklen et al., 2011].

In this study, we did not estimate the photochemical age in winter due to two reasons: (1) online GC/MS data
were not available for the winter study. (2) Primary emission ratios of VOCs (e.g., xylene versus ethane or ben-
zene versus toluene) used to calculate photochemical age change diurnally in winter. According to our source
apportionment results, primary emission ratios of VOCs in winter are more dominated by vehicle emission dur-
ing the day and coal combustion in the night. The changing primary emission ratios of VOCs across the day lead
to extra uncertainties to the calculation of photochemical age in winter. Thus, it is unlikely that photochemical
age can be calculated correctly and accurately in the winter studies of Beijing even with VOCs data available.

4. Conclusions

Intensive campaigns in the winter and summer were carried out in the years 2010 and 2011 to examine the
seasonal characteristics of PM1 in urban area of Beijing. We used a commercial HR-ToF-AMS together with other
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fast-response online instruments. Aerosol composition, sources, and aging process in both seasons were inves-
tigated, which showed distinctive influences on PM1 because of the different intensities of emission sources
(anthropogenic activities) and formation pathways mainly caused by varied meteorological conditions.

PM1 in Beijing area in recent years are relatively stable (60–84μgm�3) and show consistent chemical
composition. PM1 in Beijing is around 2–10 times higher than in European and U.S. cities, signifying the
severe polluted air condition in Beijing. PM1 in summer was quite stable with clear diurnal variation of each
species. However, dramatic changes were observed in winter (0.6μgm�3 to 368μgm�3) due to the
alternation of clean periods dominated by advection of clean air from northern areas and polluted periods
with stagnant meteorological conditions. Occasional high RH periods happened, which likely facilitate
aqueous or cloud chemistry in the atmosphere to contribute to the PM1 increase.

In summer, although OA is the most abundant component (31%) of PM1, the fraction of SIA can account for
62% of PM1. In total, 82% of PM1 on average was secondary, where 20% is due to SOA in addition to SIA. In win-
ter, OA is themain component of PM1 (57%), and the average SIA fraction is only 29%. The high average fraction
(58%) of primary species in PM1 including POA (39%), black carbon (BC, 9%), and chloride (10%) indicates
primary emissions played a more important role in our winter study. However, during the high RH period in
the winter study, SIA can reach 45% of total PM1 concentration and half of OA is SOA. The high secondary frac-
tion of PM1 (SIA+ SOA=65%) potentially come from aqueous reaction or cloud processing in the atmosphere.
Thus, both primary species (e.g., polluted period) and secondary species (e.g., RH period) could be major con-
tributor to extreme high PM1 concentrations (>100μgm�3) in winter time of Beijing.

We summarized the source apportionment in different studies in recent years of Beijing and found 45–67% of
OA in summer and 22–50% of OA in winter can be composed of SOA in Beijing. For the POA, we estimate that
45% of POA in winter and 61% in summer are from nonfossil sources, mainly cooking OA (COA) in both sea-
sons and biomass burning OA (BBOA, 12% of OA) in winter. Some studies on Beijing have neglected cooking
as nonfossil carbon sources; however, multiple independent measurements show that 13–24% of OA are
from cooking in different seasons of Beijing, suggesting that COA should not be omitted as nonfossil OA.
The fossil sources of POA include hydrocarbon-like OA (HOA, 14% and 13% of OA in winter and summer,
respectively) from vehicle emissions in both seasons and coal combustion OA (CCOA) in winter. CCOA peak-
ing during the evening and night, together with BBOA, which is more regional than CCOA, were the twomain
contributors (57% of OA) for the highest OA concentrations (>100μgm�3) in winter, emphasizing the impor-
tance of controlling heating sources to improve the winter air quality in Beijing. The health effect of CCOA
and BBOA should be seriously considered for the high abundance of toxic PAHs in these two factors.
POA/ΔCO ratios in winter and summer are 11 and 16μgm�3 ppm�1, respectively.

Average O/C ratios in summer and winter are 0.56±0.1 and 0.32±0.07, respectively. O/C ratio in OA is an impor-
tant parameter to represent the aging state of aerosol plumes. By regressing the scatterplot of O/C versus photo-
chemical age, an average kOH value of OA aging in summer of Beijing is calculated to be around
4.1×10�12 cm3molecule�1 s�1, which is in the range of kOH values (3–12.5×10�12 cm3molecule�1 s�1) of
anthropogenic VOCs reported in U.S. andMexico City and far below kOH values (>50×10�12 cm3molecule�1 s�1)
for biogenic VOCs oxidation.
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