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Abstract. To assess the primary and secondary sourceshe emission control measures implemented in 2008 signifi-
of fine organic aerosols after the aggressive implemen-<cantly alleviated the primary organic particle pollution in and
tation of air pollution controls during the 2008 Beijing around Beijing. However, additional studies are needed to
Olympic Games, 12h Ppt values were measured at an provide a more comprehensive assessment of the emission
urban site at Peking University (PKU) and an upwind ru- control effectiveness on SOA formation.

ral site at Yufa during the CAREBEIJING-2008 (Campaigns
of Air quality REsearch in BEIJING and surrounding re-
gion) summer field campaign. The averaged2Moncentra-
tions were 72.543.6 ugnT3 and 64.3+36.2 ugnt3 (av- _
erage + standard deviation, below as the same) at PKul Introduction

and Yufa, respectively, showing the lowest concentrations

in recent years. Combining the results from a CMB (chem-With rapid economic development and increasing energy
ical mass balance) model and secondary organic aerosgionsumption, Beijing has experienced severe air pollution
(SOA) tracer-yield model, five primary and four secondary @and has become one of the hotspots for air pollution in the
fine organic aerosol sources were compared with the result@orld (Shao et al., 2006). It has been reported that ambient
from previous studies in Beijing. The relative contribution Particles, especially fine mode particles, are the most impor-
of mobile sources to PMs concentrations was increased tant air pollutant in Beijing (Guo et al., 2010; Hu and Guo,
in 2008, with diesel engines contributing 16:5.9% and  2009; Chan and Yao, 2008). A comprehensive understanding
14.5+ 4.1 % and gasoline vehicles contributing 16.8.7 % of the fine mode aerosol sources is important to regulatory
and 7.9+ 6.2 % to organic carbon (OC) at PKU and Yufa, re- agencies for development of effective control policies.
spectively. Due to the implementation of emission controls, There have been several source apportionment studies in
the absolute OC concentrations from primary sources werd€ijing utilizing a variety of methods during the last few
reduced during the Olympics, and the contributions from secyears. Elemental tracers were previously applied to apportion
ondary formation of OC represented a larger relative sourcdarticulate matter (PM) sources (Song et al., 2006a, 2007;
of fine organic aerosols. Compared with the non-controlledSun et al., 2006). However, the elemental tracer method can-
period prior to the Olympics, primary vehicle contributions Not characterize several important sources that emit mainly
were reduced by 30 % at the urban site and 24 % at the rura@rganic matters rather than elemental compounds (e.g., cook-
site. The reductions in coal combustion contributions wereing and diesel/gasoline engine exhaust). Sun et al. (2012)

57 % at PKU and 7 % at Yufa. Our results demonstrate thatised radiocarbon'{C) analysis to determine the sources
of carbonaceous aerosol. However, radiocarbon analysis can
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only distinguish fossil fuel carbon from contemporary car- balance (CMB) model and a SOA tracer-yield model were

bon. employed to apportion the primary and secondary particu-
Particulate organic matter (POM) accounted for a largelate organic matter sources. The results were compared with

fraction of the fine mode particles (P) (Kanakidou et al.,  previous studies to explore possible emission changes of par-

2005). For instance, in Beijing 30 % to 50 % of the PiMvas  ticulate matter sources in the recent years. Emission control

organic compound mass (Lin et al., 2009). To better iden-effectiveness during the different control periods was evalu-

tify and quantify the key sources of organic particulate mat-ated by investigating the variations of primary and secondary

ter, organic molecular tracers have been successfully used iparticulate organic sources. The results from this study pro-

source apportionment models (Schauer et al., 1996; Stone eide a baseline data set for regional air quality models to im-

al., 2009; Guo et al., 2012). Organic tracers have been utiprove the understanding of the impacts of various emission

lized in several fine particle source apportionment studies ircontrols on air quality.

Beijing (Zheng et al., 2005; Wang et al., 2009). Zheng et

al. (2005) and Wang et al. (2009) quantified the source contri- i

butions to fine mode particles in the years of 2000 and 2005 EXxPerimental

to 2007, respectively, using a molecular marker chemical

mass balance (CMB) model. However, the particle sourcesz'1 Sampling

have changed significantly in recent years due to the changeg i,ial of 12 h ambient PMs samples were collected dur-

of energy structures and industrial facilities and new air qual—ing the CAREBEIJING-2008 (Campaigns of Air quality RE-

ity control policies. _ , search in BEIJING and surrounding region) summer field
As the host of the 2008 Olympics, the city of Beijing drew campaign from 16 July to 31 August 2008, using four-

increased attention to its severe fine particle pollution. A se-.h5nnel samplers (TH-16A, Tianhong, China) simultane-

ries of control measures were implemented by the Beijingous|y at an urban site, located on the campus of Peking Uni-
Municipal Government in an attempt to reduce MGuo versity (PKU: 395921” N, 1161825 E), and an upwind

etal. (2012) investigated the major particle sources in Beijing, a1 site in Yufa. located 53 km south of PKU @W49'N
during 2008, improving the understanding of secondary or-111g15" E). Detailed site descriptions are reported in sev-
ganic aerosol (SOA) formation in Beijing. However, itis also g4, previous papers (Huang et al., 2006: Guo et al., 2010:

important to compare the particle source contributions Wichheng et al., 2011). Since the wind during the sampling pe-
previous studies to explore the changes of primary particlgjoq was mainly from the south and southwest, Yufa, located

emissions in recent years. in a region dominated by farmland, was classified as an up-

It is essential to evaluate the effectiveness of these conying ryral site. The pollution concentrations at Yufa repre-

trol measures to advance the scientific perspectives as wellgnied the regional background pollution levels (Guo et al.,
as future control strategy developments. Satellite 0bserva2012)

tions and_ modeling. studie_s have indicatied significant parti- During each sampling period, one Teflon filter and three
cle pollution reduction during the Olympic period (Cermak o art; filters were used for particulate matter collection.

and Knutti, 2009; Wang et al., 2010c). Huang et al. (2010)there were 74 sampling periods (36 daytime periods and 38
presented the observations of the high time-resolved part'cuhighttime periods) of samples obtained from PKU, and 99

late matter chemical compositions, which were measured Ussgmpling periods (44 daytime periods and 45 nighttime peri-
ing an Aerodyne high-resolution time-of-flight aerosol Mass o 4s) of samples collected at Yufa.

spectrometer (HR-ToF-AMS). This study demonstrated that
all major particulate matter components have reduced con2 2 Chemical analysis
centrations due to the implemented control measures and fa-
vorable weather conditions during the Olympics. However, Major water-soluble ions were ultrasonically extracted from
it is difficult to quantify whether the reductions were asso- the Teflon filters with de-ionized water and analyzed by
ciated with emission control or meteorological conditions. ion chromatography (DIONEX, ICS-2500). A detailed de-
Liu et al. (2012) employed a statistical model to evaluate thescription of this methodology can be found in a previous
effects of PM,5 emission controls, and the results showed paper by Hu et al. (2005). A 1.45¢éarea punch from
only the integrated effects of all control measures but not theeach quartz filter was used to analyze elemental carbon
specific sources. Source apportionment is a direct and moréEC) and organic carbon (OC) by a Sunset Laboratory-
effective way to evaluate the emission control effects on spebased carbon analyzer (Birch and Cary, 1996). The remain-
cific sources quantitatively. ing two quartz filters were ultrasonically extracted with a
In the present study, PM values were collected at an dichloromethane/methanol (3, v/v) solution and analyzed
urban site and an upwind rural site in Beijing before, dur- by an Agilent GC-MS system (6890 plus GC-5973N MSD)
ing, and after the Olympic Games in 2008. Gas chromatog-equipped with an Agilent DB-5MS GC column (30x0.25
raphy/mass spectrometry (GC-MS) was used to determinenm x 0.25 pm) to determine the particulate organic species.
the primary and secondary organic tracers. A chemical mas#é detailed description of this analytical method has been
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reported previously (Guo et al., 2012). Briefly, 29 differ- were used. Biomass burning contributions were highest when
ent internal standard compounds including ketopinic acidthe open biomass burning profile was used. However, open
(KPA), 26 deuterated compounds, and 2 carb#®Habeled  biomass burning was strictly prohibited in and around Bei-
compounds were spiked onto the samples, and then thgng during the measurement period. In addition, the contri-
filters were ultrasonically extracted with an organic solu- butions were very close (by a factor of 1.09) when the wood
tion and concentrated to 0.5-1.0 mL. Approximately 200—stove and fireplace source profiles were used. Other source
300 pL of each sample extract was derivatized with BSTFAcontributions were impacted slightly (within 10 %). In this
(BSTFA/TMCS, 99:1, Supelco). The derivatized and under-study, the fireplace profile was selected for accurate compar-
ivatized fractions were analyzed using an Agilent GC-MS isons with previous work (Zheng et al., 2005). This sensitiv-
system (6890 plus GC-5973N MSD). A total of 164 organic ity test demonstrated that the CMB results were reasonable
compounds were quantified. The names and the concentrand reliable.

tions of the particulate organic species are listed in Table S1 The criteria for acceptable fitting results included the
in the Supplement. The accuracy and precision of the organisquare regression coefficient of the regression equatfon
species analysis are also contained in Table S2 and S3 in the 0.85, the sum of square residual chi-squared vafie 4.
Supplement (expressed as recovery and the standard devia-The contributions of secondary sources were estimated by

tion of duplicate analysis). using a tracer-yield model. In this approach, fixed ratios of
tracers to OC obtained from laboratory experiments were
2.3 Source apportionment used to determine secondary organic carbon (SOC) concen-

trations (Kleindienst et al., 2007). Although there are uncer-
A chemical mass balance (EPA, version CMB 8.2) recep-tainties associated with this method, this approach was useful
tor model was employed to apportion the primary sources ofto approximate biogenic and anthropogenic SOA from spe-
OC. Five major primary sources were included in the modelcific volatile organic compound (VOC) precursors (Kanaki-
using the source profiles from the literature: vegetative de-dou et al., 2005).
tritus (Rogge et al., 1993), biomass burning (Schauer et al.,
2001), coal burning (Zheng et al., 2005), non-catalyzed en2.4 Statistical analysis

gines and diesel engines (Lough et al., 2007; Schauer et al., . , )
1999, 2002). The tracers that were used in the CMB modellYPically, a direct comparison of the average values cannot

are summarized in Table S1 in the Supplement. Becausgdetermine yvhethertwo groups are statistically different. As a
there are no well-developed source profiles for coal burning©Sult: statistical analyses were used to compare data across
in Beijing, the source profile for coal combustion from Zheng Multiple locations and time periods. A pairetest was used
etal. (2005) was adopted in this study. This profile was deter!0 compare the data between two sites. To evaluate the emis-
mined by the analysis of direct emissions from Datong coalSion control effectiveness; tests and tests were first em-
burning in Yungang, China. Cholesterol, which historically ployed to test qualitatively whether the pollution concentra-

was used as a tracer for Chinese cooking (Song et al. 2006b?i0n5 during different periods exhibited statistical differences
was below the detection limitin most samples, indicating that

significance levelr = 5%, 95 % confidence interval). The
cooking sources were not an important contributor during the!” (€St was used to determine whether two groups have sta-
study period. Additionally, due to the low concentration, the fistically different variances. If the two groups exhibited no
quantification of cholesterol has very large uncertainties. AsStatistical difference; test was used. Otherwisg, test or
a result when the cooking source profile was included, the/arable transformation or rank-sum test was performed. In
model exhibited poor statistics, indicating unreliable resultsCUr Study, all comparisons satisfied thetest, sor test was

in 32 out of 74 samples at PKU and 21 out of 99 Sammesemployed to determine whether there were statistical differ-

at Yufa (i.e.,R?2< 0.80 andy? > 4). Thus, cooking was ex- €NC€S between controlled and non-controlled periods. Then
cluded in th’e model. The small contribu'tion from the cook- the average mass concentrations of specific sources, as well

ing source may be also attributed to aged primary cookingf)lS their contributions to total OC, were compared directly
particles that were transformed to SOA. If cooking or other P€tween different periods to determine the variation of dif-
sources not included in the model were important contripu-ferent sources. A summary of theest statistics is listed in

tors to OC, these sources would be classified as the unappof2Ple S4 in Supplement. Theest results show that the pri-
tioned OC or “other OC”. mary source contributions of the four controlled periods are

The sensitivity of the CMB model results was evaluated bystatistically different from those of NC _period. Thus the aver- _
verifying the input biomass burning profiles. Four biomass 29€ values can be used to compare directly the source contri-

burning profiles were used, including one from open biomasdutions during the different periods. The comparison results
burning (Lee et al., 2005), two from wood stoves (Fine et al. of secondary sources varied from precursors to locations, to

2004; Wang et al., 2009), and one from fireplaces (SchaueP® discussed below.
etal., 2001). The contribution of biomass burning to OC var-
ied by a factor of 0.75 to 1.33, when different source profiles
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Table 1. Summer PM 5 mass concentrations in Beijing from 2000 to 2008, avetageandard deviation (g Ti¥).

www.atmos-chem-phys.net/13/8303/2013/

Year/Month 2000/07 2001/07-08 2002/06-07 2003/06 2004/08 2005/06-08 2006/08 2007/06-08 2008/07-08  2608/07-08
NP 5 8 10 3 5 - 29 - 74 99

Concentration 118.3 104445.1 99.4£ 33.9 80.2+ 80.2 100.4 84% 83.3 91.7 72.5+£43.6 64.3:36.2

Literature Zheng et al. (2005) Danetal. (2004) Danetal. (2004) Danetal. (2004) Songetal. (2007) Zhaoetal. (2009) Wangetal. (2009) Zhao etal. (2009) This study

This study

@ Rural site (Yufa), all other measurements were conducted at the PKU urban site.
b Number of sample$. PM, 5 was measured by an online tapered element oscillating microbalance (TEOM).

Atmos. Chem. Phys., 13, 83038314 2013
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Fig. 1. PMy 5 chemical composition at the PKU urban site and the upwind Yufa rural site. Data from 16 to 20 August for the PKU site are
not available for technical reasons.

Table 2. Concentration of organic carbon (OC) and elemental carbon (EC) insRiMgy m—3).

Year/Month ~ 1999/07 2000/07 2005/08 2006/08 2008/0%-082008/07—08

NC 12 5 46 43 74 99

oC 6.27 20.9 16.1 22.1 923.3 8.9+3.1

EC 9.4 3.0 3.2 5.5 2413 23+1.0

Reference He etal. (2001) Zhengetal. (2005) Wangetal. (2009) Wang etal. (2009) This study This study
apKU site

Yufa site

¢ Number of samples.

3 Results and discussion 91.7 ug nT3 in 2007 (Zhao et al., 2009). In this study, daily
PMs 5 fluctuated drastically from 8.6 to 174.4 pgfat PKU
3.1 PM;y.5 chemical composition of and definition of and 14.3 to 167.6 ug ¥ at Yufa. Although the fine particle
different periods pollution in Beijing decreased significantly, the concentra-

tions were still very high compared with those in other re-
Fine particulate mass is considered to be the most imporgions of the world.
tant air pollutant in Beijing during the last decade. PM PMz5 chemical compositions for this study period are
mass concentrations measured during the summers of 200@resented in Fig. 1. Sulfate and organic particulate matter
to 2008 in Beijing are shown in Table 1. Zheng et al. (2005) (OC*1.6) were the two most abundant components inBEM
reported a July average PN concentration of 118.3 ugm Sulfate accounted for the largest fraction of the particulate
in 2000. The summer concentrations of PMgradually  matter, accounting for approximately 37 % of the mass at
decreased from 2000 to 2006 (Dan et al., 2004; Song ePKU and Yufa. In total, secondary inorganic compounds
al., 2007; Zhao et al., 2009; Wang et al., 2009). Due to(sulfate, nitrate and ammonium) represented approximately
unfavorable meteorological conditions, PMincreased to 65 % of the fine mode particles at both sites, indicating that

www.atmos-chem-phys.net/13/8303/2013/ Atmos. Chem. Phys., 13, 8884 2013
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secondary particles were dominant during the 2008 Beijingwere high, secondary formation was an important contribu-
summer. Carbonaceous materials including organic carboior to organic aerosols during the 2008 summer in Beijing.
(OC) and elemental carbon (EC) were also significant con-The n-alkanoic acids were the major component during the
tributors to fine particle mass. Organic mass was the secNC period at PKU. Although n-alkanoic acids could also be
ond most abundant PM component, accounting for 20% from chemical transformation, vehicle emission was deter-
and 22 % at PKU and Yufa, respectively. EC, which is pro- mined to be the major source of this compound in Beijing
duced by incomplete combustion, accounted for 4.5% andHuang et al., 2005). Thus, more traffic during the NC pe-
4.0 % of the PM 5 at PKU and Yufa, respectively. A compar- riod may be responsible for the high n-alkanoic acid concen-
ison of OC and EC concentrations from this study and pre-trations. Compared with previous work, most primary com-
vious work is listed in Table 2 (He et al., 2001; Zheng et al., pounds such as polycyclic aromatic hydrocarbons (PAHSs),
2005; Wang et al., 2009). The variation of OC was not sig-hopanes and sugar compounds were much lower in 2008, as
nificant during 2000 to 2006. However, EC decreased signif-a possible result of the strict emission control measures im-
icantly due to the primary emission control strategies startecolemented for the Olympics.
in 2000. In 2008 both OC and EC were the lowest mea- A series of n-alkanes ranging fromy£to C3s were ana-
sured monthly average levels over the time from 2000 andyzed, and their concentrations from the different periods are
2008 (OC 10.4:3.8ugm 2 at PKU and 9.4-2.1pugn3 presented in Fig. S2 in the Supplement. The n-alkane con-
at Yufa; EC 2.9+ 1.0 ug nt3 at PKU 2.4+ 0.8 ugnt3, av- centrations at the two sites were highest during the NC period
eraget standard deviation). These low concentrations wereand lowest during the Olympics (DO period). The maximum
likely due to reductions in primary emissions as a result ofn-alkane concentration specieSp{axy) Were C27 and C29.
drastic control measures and the favorable weather condiThis odd carbon preference is indicative of biogenic sources
tions during 2008 (Huang et al., 2010). (vegetative matters and biomass burning) (Zhang et al., 2007;
To simplify comparisons, the measurement data were di-Rogge et al., 1993). However, low carbon number species
vided into five periods based on the Olympic Games, controlsuch as C19, C20 and C21 were also high, especially at the
measures and weather conditions. The detailed control meairban site. A recent study reported that diesel and gasoline
sures in different periods are listed in Table S5 in the Supplevehicles can emit large amounts of C12—-C22 alkanes (Gen-
ment. The period 15 to 20 July is defined as the “not-fully- tner et al., 2012). Results from this study suggest fossil fuel
controlled” period (NC). The “odd—even plate number rule” combustion and especially vehicle emissions were an impor-
for vehicles (vehicles with a license plate ending in an oddtant source of alkanes in Beijing.
or even number can be driven on alternate days) was not im- Most PAHs are generally from a variety of combustion
plemented during this period and no precipitation occurredsources and therefore lack specificity for specific sources. It
during this time. Two periods denoted as BO-I and BO-II was reported that the majority of PAHs originate from an-
were defined as “before Olympics” periods (21 to 31 July thropogenic emissions (Ravindra et al., 2008). In this study,
and 1 to 8 August) and were clearly pollution episodes. Bothtotal PAH concentrations were high in the NC period at PKU
periods experienced stagnant weather conditions until preand in the NC and AO period at Yufa when traffic controls
cipitation occurred, which marked the end of these episodeswere notimplemented. PAH concentrations were much lower
The Olympic period (DO) extended from 9 to 24 August in than previous studies (Wang et al., 2009; Zheng et al., 2005).
which several precipitation events occurred. The “odd—everThe distributions of PAHs are exhibited in the Supplement
plate number rule” was implemented during the BO-I, BO- (Fig. S3). Five-ring PAHs were dominant at both sites, fol-
Il and DO periods throughout the Beijing area. The “after lowed by four-ring and six-ring PAHs. Of the total PAH mass
Olympics” period (AO) extended from 25 to 31 August. Dur- concentration, 60% and 70 % consisted of the four- to six-
ing this period the “odd—even plate number rule” was only ring PAHs at PKU and Yufa, respectively. This distribution
implemented in the urban area (inside the 5th Ring Road). was consistent with previous work and was attributed to the
volatility of PAHs and the high ambient summertime temper-
3.2 Particulate organic species in different periods ature (Wang et al., 2009).
Saccharide is mainly emitted from biomass burning (Si-
The organic compounds (not including secondary organiomoneit, 1999). Three sugar compounds were quantified: lev-
tracers) were cataloged into 12 classes, and their concereglucosan, manosan and galactosan, of which levoglucosan
trations for the 5 different periods are shown in Fig.S1 inis considered the best tracer for biomass burning. During
the Supplement. Detailed information for each class can beahe entire study period, levoglucosan concentrations were
found in the Supplement (Figs. S2—-S5). During the study, di-974+ 72ngnt3 and 120+ 78ngnT?3 (average+ standard
carboxylic acid was the most abundant component in all peri-deviation) at PKU and Yufa, respectively, which was the low-
ods with the exception of the NC period at the PKU site. Pre-est concentration in recent years. The higher levoglucosan
vious studies have suggested that dicarboxylic acid in Beijingconcentration at Yufa indicates frequent biomass burning
was mainly from secondary formation (Yao et al., 2002; Guoemissions in the rural area of Beijing. The highest levoglu-
et al., 2010). Because the dicarboxylic acid concentrationsosan concentrations were found during the NC period while
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Table 3. Comparison of summertime source contributions to measuregsPOLC in Beijing, average: standard deviation (%)

Year/Site 2000 2005 2006 2008 2008
PKU PKU PKU PKU Yufa

Gasoline vehicles 10.6+2.8 7.1+1.5 10.3+-8.7 7.9+6.2
17.3£6.9

Diesel vehicles 9.686.2 5715 16.2£5.9 14.5+4.1

Vegetative detritus 140.9 0.3+0.2 0.3+0.2 1.4+0.8 1.9+15

Dust 11.748.1

Wood burning 16.1%18.1 10.4£35 8.2+2.0 7.5+£5.5 8.9+4.9

Straw burning 1.30.7 1.7+2.8

Coal burning 9.8:3.9 21+22 18+08 58+55 7.8+4.6

Cigarette 3.%x22

Cooking 245+t42 23.8:43

Isoprene SOC 9.F 5.4 13.9+9.1*

a-pinene SOC 5.% 2.0 5.6+ 1.9

Toluene SOC 17476 17.3+6.9°

B-caryophyllene SOC 2817 1.7+ 1.0¢

Other OC 40.6 41.1+£9.7 51.4+-56 60.7£13.2 58.8:-11.0

Reference Zheng et al. (2005) Wang et al. (2009) This stu@yo et al. (2012)

* Other OC is unapportioned OC by CMB; SOCs were included in this portion.

the lowest concentrations were during the DO period at boti8.3  Source apportionment of ambient organic carbon
sites.

Hopanes are not abundant in atmospheric particles, buprimary and secondary organic tracers were applied to a
can be used as indicators of vehicle emissions (SimoneitCMB model, and a tracer-yield method was used to estimate
1986). Coal burning can also emit particulate hopanesghe contribution of primary and secondary particulate or-
so the hopane concentration can also reflect the contribuganic sources to total OC. Five primary sources and four sec-
tion of coal combustion. However, hopane concentrationsondary organic carbon compounds (SOCs) derived from iso-
from coal burning are not as hlgh as those from VehiCleprene,a-pinene,ﬂ-caryophy”ene and toluene were appor-
emissions. In addition, coal burning is not common dur-tjoned, and accounted for 73189.7 % (average- standard
ing summer months (Zheng et al., 2005), which reducesgeviation) and 79.6-10.1% of the measured OC at PKU
the likelihood of coal burning contributions. Three hOpaHESand Yufa, respective]y_ The results are listed in Table 3, and
were measured (17A(H)-22,29,30-trisnorhopane, 17B(H)-compared with results from previous source apportionment
21A(H)-30-norhopane, and 17A(H)-21B(H)-hopane). The studies in Beijing (Wang et al., 2009; Zheng et al., 2005).
combined concentrations of three hopanes for five peri- \ehicle emissions were a significant source of fine or-
ods were 4.0ngm?, 1.9ngnT3, 2.0ngnr3, 1.3ngn3,  ganic aerosols in Beijing. It was reported that the num-
2.0ngn3at PKU and 2.6ngm®, 2.6 ngn13,2.4ngnT3,  per of vehicles in Beijing has increased 2025 % per year
1.8ngnT3, 2.8ngn? at Yufa (see Fig. S5). At PKU, (China Statistical Yearbook 2011). The increase in vehi-
hopanes were much lower during the control periods tharcle use has led to very high fine particle pollution in
those in the NC period. The hopane reduction at Yufa wasBeijing (Chan and Yao, 2008). In this study, diesel and
not as significant as observed in the urban area (PKU). Thgjasoline vehicle emissions were the major contributors
hopane reduction during the controlled period suggests th@o ambient organic particles. Diesel engines contributed
implementation of traffic control did improve regional air 1 574+0.72ugn3 and 1.37£0.52pugnt3 OC, account-
quality. The control of coal burning may also be responsiblejng for 16.2+5.9% and 14.534.1% of the total organic
for the hopane reduction. particles (average standard deviation) at the PKU and

Detailed discussion about SOA tracers has been reporteglfa sites, respectively, while gasoline vehicles contributed
in previous work (Guo et al., 2012). High concentrations of 1,034+ 0.27 ugn3 and 0.73£0.25pugnm3 (10.3+£8.7 %
SOA tracers were found at both sites due to the high regionajnd 7.9+ 6.2 %). The higher contributions at PKU were rea-
SOC background¥2 pig C n73). Biogenic SOA tracers were  sonable because more vehicles are used in the urban area.
higher at the rural site due to higher precursor concentrationsgompared with previous studies, vehicle emissions con-
Anthropogenic SOA tracers were comparable between urbagibuted more in 2008 than in previous years. However, con-
and rural sites, implying the anthropogenic particle pollution sidering the OC concentrations, the absolute concentration
can influence Beijing regional air pollution. attributed by vehicle emissions was lowest in 2008. The
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Fig. 2. Contribution of primary and secondary sources to measured °MC during different periods. NC = not-fully-controlled,
BO =before Olympics, DO =during Olympics, AO = after Olympics.

diesel engine contribution was reduced more significantlycommon coal usage in the rural area was residential, which
than gasoline engines. Gasoline vehicles were more reguhas higher emission factors (Zhang et al., 2008). Less rig-
lated during the Olympics, whereas the volume of public orous emission control measures were also implemented in
transportation increased during the Olympics, which mainlya nearby province. Rural industry and other coal usage near
used diesel engines. Beijing contributed greatly to the organic particle concentra-
Biomass burning was also an important source of ambiention in Beijing.
particles in Beijing. Open biomass burning was strictly for- Because there were no previous studies on SOCs derived
bidden in Beijing, and therefore its contribution to organic from specific VOCs, no comparison could be made to recent
particles could be considered zero (Cao et al., 2005). Woodears. However, unapportioned OC by the CMB model was
consumed as domestic fuel in the rural area contributedikely comprised of secondary source particles and other pri-
greatly to the ambient aerosol concentrations. In additionmary sources, like cooking emission. The CMB model could
the biomass burning from a nearby province may also influ-not apportion 60.& 13.2% and 59.6 11.0% of the OC
ence Beijing air quality. In this study biomass burning con- from PKU and Yufa, respectively.
tributed 7.5+ 5.5% (0.82£0.75ugnT3) and 8.9+ 4.9%
(0.85+ 0.55 pg nT3) (average+ standard deviation) of the 3.4 Variation of organic particle sources in different
total OC measured at PKU and Yufa. The higher contri- periods
bution at Yufa was mainly due to domestic wood burning, ) . ] )
and biomass burning aerosols contributed from a nearbyn order to improve air quality for the Olympic Games, the
province. The 2008 biomass burning contribution was lowerBe€ijing Municipal Governmentimplemented a series of mea-
than in 2005 and 2006. sures to alleviate particulate matter pollution. This provided a
Coal is the dominant fuel in Beijing and accounts gpod opportunity to understand the impact.of reduced emis—
for approximately 68.7% of the total energy produc- Sions on air pollution. The OC concentrations from major
tion in China during 2008 (China Statistical Year- primary and secondary sources and their contributions to to-
book, 2008). In this study, coal burning accounted tal a_mpient organic carbon are shown in Fig. 2 and Tab_le 4
for 5.8+55% (0.66:0.59ugmm?3) and 7.8:£4.6% Statistical analyses were conducted to evaluate the emission
(0.78+0.57 ugnT3) (averaget standard deviation) of the control effectiveness, and the statistical results are shown in
measured OC. This was comparable with study results infable S4 in the Supplement.
2000, but higher than what was reported in 2005 and 2006. Vehicles were rigorously controlled as an emission source
Because the OC concentration was much lower in 2008, théiuring the Olympics. The detailed control measures are listed
absolute coal burning OC was the lowest in recent years. Thé Table S5 in the Supplement. At the urban site (PKU),
alleviation of coal burning pollution was mainly due to more Vehicle emissions were the major source of organic parti-
strict regulation and some temporary factory closures. How-¢/es during the NC period. Vehicle contributions decreased
ever, the rural area was still significantly impacted by coal considerably during the next four controlled periods. The
combustion. Although coal cannot be used within the cen- t€st result showed the OC concentration attributed by ve-
tral urban area of Beijing, large amounts of coal were still hicles in the NC period was significantly higher than those

consumed in the rural area of Beijing. In addition, the mostin the controlled periods. The OC concentrations from gaso-
line vehicles during the controlled periods decreased by 54 %
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Table 4.Organic carbon contributions from major primary and secondary sources during different period’s°’§jpg m

| NC  BO-l BO-l DO AO | NC BO-l BO-l DO AO

| PKU | yufa
Isoprene SOC 0.82 126 1.04 067 057 |142 146 186 100 0.95
a-pinene SOC 0.67 067 039 038 036 | 045 049 069 050 044
Toluene SOC 1.66 205 1.61 134 129 | 099 143 224 155 152

B-caryophyllene SOC 0.42 0.33 0.08 0.16 0.19 | 0.09 0.11 0.21 0.18 0.19
Vegetative detritus 0.21 0.13 0.16 0.08 0.12 | 0.27 0.18 0.18 0.16 0.24

Biomass burning 0.67 0.87 0.65 049 059 | 079 0.73 0.93 0.89 0.90
Diesel vehicles 169 163 157 117 122 | 176 154 125 1.12 1.38
Gasoline vehicles 154 065 081 059 086 | 123 0.84 0.60 0.57 0.67
Coal burning 1.08 046 0.37 038 066 | 092 082 0.78 0.59 0.92
Other OC 121 272 3.38 237 282 | 284 245 132 1.67 2.26

Note: NC = not-fully-controlled, BO =before Olympics, DO =during Olympics, AO = after Olympics.

compared with the NC period. The average OC concentracontributions in NC period were statistically different from
tions from diesel vehicles decreased by 13 % during the conthe controlled period. The biomass burning was also well
trol periods. However, the reduction of absolute concentra-controlled at Yufa. Particle pollution from coal burning was
tions can be influenced by weather conditions, so these rereduced by 17 % in concentration and 7 % in the relative OC
sults cannot be used to evaluate the control measure effecontribution. The reduction of coal burning emission in Yufa
tiveness. Therefore, understanding the variations of sourcgas not as significant as that in the urban area. This may be
contributions (percent of specific sources to total OC) is adue to emission influences from neighboring provinces. Nev-
better way to assess the impact of these emission contrartheless, the control measures greatly reduced the regional
measures. Comparing the NC period with the whole con-primary organic particle pollution.

trol period, there was a 52 % average reduction of gaso- Secondary aerosol formation processes including nucle-
line vehicle contributions. Correspondingly, the diesel ve-ation, gas-to-particle transformation and multiphase reac-
hicle OC contributions were reduced by 11%. The aver-tions are poorly understood (Zhang et al., 2012; Hallquist
age OC contribution from vehicle emissions was reducedet al., 2009; Zhang, 2010). Secondary organic aerosol (SOA)
by 30 %. Although the official traffic reduction estimate was formation is very complicated, and can be affected by many
approximately 60 %, there were no accurate data of vehicldactors such as precursors, ambient temperature, humidity,
use. However, the result from this study was consistent withand particle acidity (Wang et al., 2010a, b; Zhao et al., 2006;
the estimated total Py% reduction using a statistical model Saathoff et al., 2009). In this study, SOCs derived from iso-
from Liu et al. (2012). prene,a-pinene, g-caryophyllene and toluene were appor-

Coal combustion OC also decreased during the four contioned, and their concentrations and contributions to the mea-
trol periods with an average reduction of 59 % and 57 %sured OC in different periods are presented in Table 4 and
in concentration and the relative contribution to particulate Fig. 2. Three major SOCs from toluene, isoprene and
matter, respectively. The contributions of biomass burningpinene showed similar trends at the PKU and Yufa sites. The
showed statistical differences between NC period and BOhighest SOC concentrations were observed during the BO-I
I, BO-1l, DO and AO periods (see Table S4), suggesting period at PKU and BO-II period at Yufa when weather con-
biomass burning was also well controlled. Results indicateditions were favorable for SOA formation and accumulation
the control measures significantly improved Beijing’s urban (high radiation, temperature, humidityg@oncentration and
air quality. no precipitation).

Since Yufa was an upwind rural and regional site, the vari- At the urban site (PKU), the anthropogenic SOC contri-
ation of source contributions at Yufa can evaluate the emisbutions did not have any statistical differences between the
sion control effectiveness on a regional scale. Vehicle emiscontrolled and NC periods (Table S4 in the Supplement).
sions were the major source of organic particles at Yufa,However, the biogenic SOC contributions, such as isoprene
which decreased during the control periods. Although the re-SOC, had a statistical difference, with an increase of 8 % dur-
duction was not as significant as at PKU, the contributions ofing the controlled period. From this study data, the reduction
gasoline vehicle emissions decreased by 39 % and 14 % foof SOA is not observed. At the rural site (Yufa), both bio-
diesel vehicles at Yufa. The combined contribution from two genic and anthropogenic SOCs were higher in the controlled
kinds of vehicle emission was reduced at Yufa by 24 %. Ta-period. More advanced techniques and modeling studies are
ble S4 in the Supplement indicates that the biomass burning
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