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Abstract. Volatile organic compound (VOC) species from

vehicle exhausts and gas evaporation were investigated by

chassis dynamometer and on-road measurements of nine

gasoline vehicles, seven diesel vehicles, five motorcycles,

and four gas evaporation samples. The secondary organic

aerosol (SOA) mass yields of gasoline, diesel, motorcycle

exhausts, and gas evaporation were estimated based on the

mixing ratio of measured C2–C12 VOC species and inferred

carbon number distributions. High aromatic contents were

measured in gasoline exhausts and contributed comparatively

more SOA yield. A vehicular emission inventory was com-

piled based on a local survey of on-road traffic in Shang-

hai and real-world measurements of vehicle emission factors

from previous studies in the cities of China. The inventory-

based vehicular organic aerosol (OA) productions to total

CO emissions were compared with the observed OA to CO

concentrations (1OA /1CO) in the urban atmosphere. The

results indicate that vehicles dominate the primary organic

aerosol (POA) emissions and OA production, which con-

tributed about 40 and 60 % of OA mass in the urban atmo-

sphere of Shanghai. Diesel vehicles, which accounted for less

than 20 % of vehicle kilometers of travel (VKT), contribute

more than 90 % of vehicular POA emissions and 80–90 % of

OA mass derived by vehicles in urban Shanghai. Gasoline ex-

haust could be an important source of SOA formation. Tight-

ening the limit of aromatic content in gasoline fuel will be

helpful to reduce its SOA contribution. Intermediate-volatile

organic compounds (IVOCs) in vehicle exhausts greatly con-

tribute to SOA formation in the urban atmosphere of China.

However, more experiments need to be conducted to deter-

mine the contributions of IVOCs to OA pollution in China.

1 Introduction

Secondary organic aerosol (SOA) accounts for a significant

fraction of ambient tropospheric aerosol (Hallquist et al.,

2009; Jimenez et al., 2009). De Gouw and Jimenez (2009)

suggested that SOA from urban sources may be the dom-

inant source of organic aerosol globally between 30 and

50◦ latitude.

Gas-phase oxidation of volatile organic compounds

(VOCs) has traditionally been considered to be the major

source of urban SOA formation. VOCs are oxidized to low

vapor pressure reaction products by OH radicals, ozone, and

NO3 radicals, and eventually form OA in the atmosphere.

Odum et al. (1997) investigated the SOA formation from va-

porized reformulated gasoline and found that single light aro-

matic hydrocarbons are responsible for the majority of SOA

formation. Kleindienst et al. (2002) verified that 75–85 % of

the SOA was due to reaction products of C6–C9 light aro-

matic compounds from automobile exhausts. Robinson et

al. (2007) further recognized that IVOCs and semi-volatile

organic compounds (SVOCs) are also important sources for

OA production based on the smog-chamber studies of diesel

exhaust and wood fires (Weitkamp et al., 2007; Grieshop et

al., 2009). Their subsequent study pointed out that IVOCs,

such as long-chain and branched alkanes from vehicle ex-

hausts, play a more important role in SOA production com-

pared to other combustion emissions (Jathar et al., 2013).

A recent study from Zhao et al. (2014) concluded that pri-

mary IVOCs were estimated to produce about 30 % of newly

formed SOA in the afternoon during the CalNex campaign in

Pasadena, California.
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Due to the abundance of reactive organic compounds, ve-

hicle emissions have been recognized as a major source of

urban SOA formation (Stone et al., 2009; Liu et al., 2012;

Borbon et al., 2013). Laboratory chamber studies also re-

port significant SOA production from diesel, gasoline, and

motorcycle exhaust photo-oxidation (Hung and Wang, 2006;

Weitkamp et al., 2007; Chirico et al., 2010; Nordin et al.,

2013; Platt et al., 2013). Current research is now focusing

on the relative importance of gasoline and diesel vehicles

to urban SOA formation. Bahreini et al. (2012) and Hayes

et al. (2013) suggested gasoline emissions dominate over

diesel in urban SOA formation by field studies. Gentner et

al. (2012) argued that diesel is responsible for 65 to 90 % of

vehicular-derived SOA based on the estimation of SOA for-

mation from gasoline and diesel fuel compositions.

Shanghai is one of the most urbanized cities in the Yangtze

River Delta (YRD) region in China. The YRD region oc-

cupies 2 % of land area and generates 8–12 % of the pri-

mary PM2.5 and the emissions of its precursors in China

(Huang et al., 2011). Motor vehicles are the fastest grow-

ing source of pollution in the megacities of China. The num-

ber of vehicles in Shanghai has doubled in the last decade

and reached 2.6 million (about 107 units per 1000 capita)

in 2012 (SCCTPI, 2012). Gasoline and diesel vehicles in-

creased by 2.8 and 1.3 times, respectively, while motorcycles

decreased by 36 %. Vehicular emissions have been recog-

nized as the largest source of VOCs in urban Shanghai, which

contributes 25–28 % of the measured VOC concentrations.

Other VOC emission sources were solvent usage, chemical

industry, petrochemical industry, and coal burning, etc. (Cai

et al., 2010; Wang et al., 2013). Yuan et al. (2013) indicated

that VOC emissions are large contributors to SOA forma-

tion through field measurements at a receptor site in eastern

China. Huang et al. (2012) and Huang, X. F. et al. (2013) re-

ported that 28.7—32.1 % of the fine particle mass is organic

matter (OM) and 30.2–76 % of OM is contributed by SOA

in the atmosphere of Shanghai and its surrounding areas.

Based on the historical measurement data of organic (OC)

and element carbon (EC) in PM2.5 in the atmosphere in urban

Shanghai, the OC /EC ratio showed a growing trend from

1999 to 2011, which implies that the secondary fraction of

organic matter is playing an increasing role in urban Shang-

hai (Ye et al., 2003; Feng et al., 2005; Hou et al., 2011; Cao

et al., 2013; Feng et al., 2013). However, the contribution

of VOC emissions to SOA formation and the relative impor-

tance of vehicular emissions remains unclear. At present, ve-

hicle use is experiencing a rapid growth episode in the cities

of China. Understanding the contribution of vehicular VOC

emissions to SOA formation will be helpful to identify the

source of OA and PM2.5 pollution in China.

In this study, we first constructed a vehicular emission in-

ventory of Shanghai for the year of 2012. Then the SOA

yields of VOCs emissions from different vehicle types were

discussed based on the new measurements of VOCs species

from a fleet of vehicles in Shanghai. Finally, we calculated

the inventory-based vehicular OA production with the ambi-

ent observation data to evaluate the OA contribution of ve-

hicle emissions. The main purpose of this study is to dis-

cuss: (1) the contribution of vehicle emissions to OA in ur-

ban Shanghai; (2) the relative contributions of gasoline and

diesel vehicles to vehicle-derived OA.

2 Materials and methods

2.1 Vehicular emission inventory establishment

2.1.1 Methodology of emission inventory compilation

We developed emission inventories for the pollutants includ-

ing VOCs, CO, EC, and OC with the IVE (International Ve-

hicle Emissions) model for Shanghai, China. The methodol-

ogy of the model has been introduced by Wang et al. (2008).

VKT, vehicle flow distribution, driving pattern, fleet compo-

sition and the emission factor of each vehicle type were five

key parameters for the development of the vehicle emission

inventory. Vehicle emissions can be calculated with Eq. (1):

E =
∑

t

{
VKT · f[t] ·EF[t] ·

∑
d

[
f[dt] ·K[dt]

]}
, (1)

where E is the emission amount of each vehicle type (g);

VKT is vehicle kilometers of travel of each vehicle type

(km); f[t] is the fleet composition of the specific technology

of each vehicle type (%), such as fuel type, engine size, and

emission standards. EF[t] is the emission factor of each ve-

hicle technology (g km−1); f[dt] is the fraction of the driv-

ing pattern (%); K[dt] is the correction factor of each driv-

ing pattern determined by the model (unitless). Evaporative

emissions are also calculated with Eq. (1). EF[t] will be the

evaporative emission factor of each vehicle technology as the

evaporative emissions are calculated.

2.1.2 Road traffic data survey

VKTs and their weights on three road types (including high-

way, arterial road, and residential road) were surveyed from

transportation for the year of 2012. VKTs on each road type

were further separated into seven vehicle types by the use

of video camera surveys. The distributions of each vehicle

type were surveyed on various road types with video cameras

from March to May. About 4000 valid hours were obtained

on 15 roads covering three road types. Survey days included

weekdays and weekends, and each day covered 24 h. The re-

sults show that light-duty vehicles (including light-duty cars,

light-duty trucks, and taxis) are the major vehicle types on

the road, accounting for 56 % of the total flows. Heavy-duty

vehicles (including heavy-duty buses, heavy-duty trucks, and

city buses) comprise 19 % of the whole VKTs in Shanghai.

GPS data were used to determine the driving patterns of var-

ious vehicle types. The driving patterns were determined by

the average speeds and VSP (vehicle-specific power) dis-

tributions. We installed GPS units on light-duty cars, taxis,
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buses, and heavy-duty trucks to record the driving speeds

and altitudes second by second. About 150 h of valid GPS

data were collected in this study. The data covered 2831 km

of roads and were composed of three road types and four

vehicle types. VSP of each vehicle and road type can be cal-

culated with Eq. (2) introduced by Jimenez (1999).

VSP
(

kW · t−1
)
= v ·

[
1.1a+ 9.81 · (a · tan(sin(grade)))

+0.132]+ 0.000302 · v3, (2)

where v is vehicle speed (m s−1); a is vehicle acceleration

(m s−2); grade is vertical rise/slope length. Table 1 shows the

daily VKT and average speeds of various vehicle and road

types in 2012.

2.1.3 Fleet composition data survey

Fleet composition data were used to separate the VKT of

each vehicle type (as shown in Table 1) into the fractions

of specific technologies, such as fuel type, engine size, and

emission standards. The data were determined by the ratios

of the populations of specific technologies in the vehicle in-

formation database from the Vehicle Management Depart-

ment of Public Security Bureau of Shanghai. We call this

the “static” fleet. Light-duty cars and taxis were mainly com-

posed of gasoline vehicles, which occupied 98 and 97 %, re-

spectively. Diesel vehicles dominated in light-duty trucks,

heavy-duty buses, heavy-duty trucks, and city buses, com-

prising 56, 91, 89, and 98 %, respectively. Euro 2 (emission

regulation) vehicles were the majority of light-duty cars and

light-duty trucks, accounting for 51 and 68 %, respectively.

Heavy-duty buses and trucks were mainly composed of Euro

2 and Euro 3 diesel vehicles, which comprised 40 and 45 %

of each vehicle type. However, the fraction of each specific

technology should be changed according to its occurrence

frequency in the real-world. Generally, older vehicles show

less occurrence frequency than newer vehicles, which means

the annual mileage of an older vehicle should be less than the

newer one. For this reason, we considered adjusting the fleet

compositions according to their real-world annual average

mileage. About 30 000 vehicles were surveyed at four inspec-

tion stations in this study. Vehicle age and odometer reading

were recorded for each vehicle. The survey data showed that

the annual average mileage of light-duty trucks, heavy-duty

buses, and heavy-duty trucks tended to decrease with the in-

crease of their vehicle ages. The adjusted fleet compositions

were determined by the multiplication of vehicle populations

and their surveyed annual mileage. Figure 1 shows the static

and adjusted fraction by each vehicle type in Shanghai. It

is indicated that the adjusted fractions of the older vehicles

with pre-Euro and Euro 1 emission standards for light-duty

trucks, heavy-duty buses, heavy-duty trucks, and city buses

were much lower than those of the static ones. Correspond-

ingly, the adjusted fractions of the newer vehicles with Euro

3 emission standards increased a lot compared with the static

ones.

2.1.4 Vehicle emission factors

The emission factors of each type of vehicle technology

were modeled with the IVE model. However, most of the

default emission factors in the model are based on mea-

surements made in the US. To localize the emission factors

in this study, we collected the published emission factors

based on the real-world measurements in the previous studies

to adjust the modeled emission factors. The measurements

were all conducted with portable emission measurement sys-

tems (PEMS) under designated driving routes in the cities

of China. The cities included Shanghai, Beijing, Guangzhou,

Xi’an, Shenzhen, Jinan, and Yichang (Chen et al., 2007; Huo

et al., 2012a, b; Wu et al., 2012; Huang, C. et al., 2013). Fig-

ure 2 shows the comparisons of the adjusted emission fac-

tors with the measured ones. The evaporative emission fac-

tors were not adjusted due to the lack of measurement data.

Default factors in the model were used to calculate evapora-

tive emissions in this study. It is indicated that the adjusted

emission factors of each vehicle type generally fit well with

the measured results. The emission factors are reliable to be

used to establish the emission inventory.

2.2 VOC species measurements and SOA yield

estimation

2.2.1 VOC sampling

The exhausts from four light-duty gasoline vehicles

(LDGVs), five taxis, five heavy-duty diesel trucks (HDDTs),

two city buses (buses), and five motorcycles (MTs) were

measured in June 2010. LDGVs, taxis, and MTs were fu-

eled by gasoline. HDDTs and buses were fueled by diesel.

The emission standards of the tested vehicles covered Euro

1 to Euro 3 and their model years covered 2001 to 2009. All

MTs were 4-stroke with 125 cc displacement and without

a catalytic converter or any other pollution control device.

All gasoline vehicles were equipped with catalytic convert-

ers. Diesel vehicles did not install any after-treatment devices

like DPFs (diesel particulate filters). Table 2 lists the detailed

information of the tested vehicles. Commercially available

fuels were used in the test. The fuel quality met the require-

ments of the local standards in Shanghai. The sulfur contents

of both gasoline and diesel fuel were below 50 ppm.

All the automobiles were measured on chassis dynamome-

ters. LDGVs and taxis were measured utilizing a vehicle

mass analysis system (VMAS), which was widely used in

in-use vehicle inspection stations in China. A VOC sample

was collected from a one-bag test of the Economic Commis-

sion of Europe (ECE) urban cycle. The highest speed reaches

50 km h−1 and the average speed is about 18.8 km h−1. HD-

DTs and buses were measured on a loaded-mode test cycle.
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Table 1. Daily VKT and average speeds of various vehicle and road types in Shanghai in 2012.

Daily vehicle kilometers traveled (million km)

Road types Light-duty Light-duty Taxi Heavy-duty Heavy-duty City Motor- Total Average

car truck bus truck bus cycle speed (km h−1)

Highway 38.3 0.62 3.96 3.10 11.82 0.23 0.00 58.04 57.9

Arterial road 22.6 2.93 6.16 1.12 4.73 1.58 5.29 44.41 36.0

Residential road 18.3 3.11 8.92 0.89 1.90 1.38 4.15 38.64 28.5

Total 79.2 6.66 19.04 5.11 18.45 3.19 9.44 141.09 43.0

Figure 1. Static and adjusted fractions of each vehicle type in Shanghai.

The tested vehicles were operated on idling and a test cy-

cle which simulates high engine loads under 100, 90, and

80 % of their maximum powers. The highest speed reaches

70 km h−1. MT exhausts were sampled while operating on

the road. A GPS unit was installed on the tested motorcy-

cles to record the speeds second by second. The highest

speed reached 50 km h−1 and the average speed was about

20 km h−1. Vehicle exhausts were sampled into a Summa

canister (Entech Inst., USA) during the whole driving cy-

cle. We also collected the samples of gasoline vapor at four

gas stations in Shanghai to analyze the VOC species of non-

tailpipe gasoline.

2.2.2 VOC analysis

Concentration of C2–C12 VOCs in samples were determined

by a GC–MS (gas chromatography–mass spectrometer) sys-

tem (Agilent 7890A/5975C) with standard gases prepared by

Spectra Gas. The samples collected in the Summa canister

were pre-concentrated to an acceptable level for the analyt-

ical devices using a 7100A pre-concentrator (Entech Inst.,

USA) with an Entech 7016CA automatic sample injector. A

50 mL sample was extracted by the pre-concentrator into a

1/4 inch liquid nitrogen cold trap to remove water and CO2,

and then separated by GC and detected by MS. The carrier

gas was helium.

2.2.3 SOA yield estimation

To investigate the SOA formation potentials of VOC emis-

sions in vehicle exhausts and gas evaporation, we calculated

the SOA yields of the exhausts from gasoline, diesel, and

motorcycle vehicles and evaporative emissions with the fol-

lowing equation:

Yj =

∑(
Ci, j ×Yi

)∑
VOCj

, (3)

where Yj is the SOA yield of source j (unitless); Ci, j is the

weight percent (by carbon) of species i which can be identi-

fied by measurements or references from source j (wt C %);

VOCj is the weight percent (by carbon) of total identified

SOA precursors and unidentified species. Identified non-

SOA precursors were excluded from total VOC emissions.

The weight percentages of identified species were deter-

mined by the measurements above. The unidentified species

accounted for about 25, 60, and 50 % in gasoline, diesel,

and motorcycle exhausts, respectively. Considering IVOCs

which had high SOA formation potentials were not measured

in this study, we estimated the amounts of IVOCs includ-

ing alkanes and aromatics larger than C12 and polycyclic

aromatics based on Gentner et al. (2012) and varied them

by 1 order of magnitude. Yi is the yield of species i un-

der high NOx conditions considering the study was focusing

Atmos. Chem. Phys., 15, 11081–11096, 2015 www.atmos-chem-phys.net/15/11081/2015/
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Table 2. Test vehicle specifications.

ID Vehicle type Fuel type Emission Model year Odometer

standard reading (km)

LDGV-1 Light-duty car Gasoline Euro 1 2002 245 306

LDGV-2 Light-duty car Gasoline Euro 2 2005 59 790

LDGV-3 Light-duty car Gasoline Euro 3 2008 87 662

LDGV-4 Light-duty car Gasoline Euro 3 2008 80 856

Taxi-1 Light-duty taxi Gasoline Euro 1 2001 270 000

Taxi-2 Light-duty taxi Gasoline Euro 1 2002 ∼ 100 000

Taxi-3 Light-duty taxi Gasoline Euro 2 2003 99 638

Taxi-4 Light-duty taxi Gasoline Euro 3 2007 281 315

Taxi-5 Light-duty taxi Gasoline Euro 3 2008 361 180

HDDT-1 Heavy-duty truck Diesel Euro 1 2003 331 387

HDDT-2 Heavy-duty truck Diesel Euro 1 2003 271 000

HDDT-3 Heavy-duty truck Diesel Euro 2 2004 271 125

HDDT-4 Heavy-duty truck Diesel Euro 2 2004 204 193

HDDT-5 Heavy-duty truck Diesel Euro 3 2009 70 000

Bus-1 City bus Diesel Euro 2 2006 295 236

Bus-2 City bus Diesel Euro 3 2006 175 122

MT-1 Motorcycle Gasoline Euro 1 2003 15 000

MT-2 Motorcycle Gasoline Euro 1 2003 11 191

MT-3 Motorcycle Gasoline Euro 2 2004 96 969

MT-4 Motorcycle Gasoline Euro 2 2003 13 912

MT-5 Motorcycle Gasoline Euro 2 2003 5379

Figure 2. Adjusted emission factors of various vehicle types (blue

bars) and their comparisons with measured emission factors in the

previous studies (dots).

on urban areas with high NOx concentration (unitless). The

yield for each SOA precursor was referenced from Gentner

et al. (2012), which listed the yields of known and estimated

compounds using a combination of measured SOA yields

derived from laboratory-chamber experiments and approxi-

mate SOA yields based on box modeling. However, consid-

ering the average organic loading in Shanghai (15.5 µg m−3)

was relatively higher than that in the reference (10 µg m−3),

we recalculated the SOA yields of the compounds using a

semi-empirical model based on absorptive gas-particle parti-

tioning of two semi-volatile products introduced by Odum et

al. (1997). The SOA yields of straight alkanes increased by

an average of 16 % in the range of 12-17 carbon atoms, C6–

8 aromatics increased by ∼ 19 %, and naphthalene increased

by ∼ 12 %. The yields of the compounds in similar chemical

classes were corrected based on the increments above.

2.3 Air pollution observation and vehicular OA

contribution determination

2.3.1 Air pollution observation

To estimate the vehicular OA production in the atmosphere,

we calculated the SOA formation potentials from vehicu-

lar VOC emissions based on observation data with a pho-

tochemical age-based parameterization method. The obser-

vation data were obtained from a monitoring site on the

roof of a five-floor building (15 m high above the ground)

at Shanghai Academy of Environmental Science (31.17◦ N,

www.atmos-chem-phys.net/15/11081/2015/ Atmos. Chem. Phys., 15, 11081–11096, 2015
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121.43◦ E), which was located southwest of the urban area

of Shanghai. The site was mostly surrounded by commercial

properties and residential dwellings. Vehicle exhaust was a

major source of pollutants near this site. Figure S1 in the

Supplement shows the location of monitoring sites in this

study. Carbon monoxide was continuously measured by an

ECOTECH EC9820 CO analyzer. PM2.5 concentration was

measured by a Thermo Fisher commercial instrument β-ray

particulate monitor. Organic carbon (OC) and elemental car-

bon (EC) were measured by a carbon analyzer (model RT-4,

Sunset Laboratory Inc.). Water-soluble ions were measured

by a commercial instrument for online monitoring of aerosols

and gases (MARGA, model ADI 2080, Applikon Analyti-

cal B.V.). Individual VOC species were continuously mea-

sured every 30 min by two online gas chromatographs with

flame ionization detector (GC-FID) systems (Chromato-sud

airmoVOC C2–C6 no. 5250308 and airmoVOC C6–C12

no. 2260308, France). Figure S2 shows the time series data

of meteorological parameters and concentrations of major

air pollutants observed in urban Shanghai in summer (Au-

gust in 2013) and winter (January in 2013). We did not

measure the OA concentration due to the lack of observa-

tion equipment. The OA concentrations were determined by

OC concentrations multiplied by the OM /OC ratio. Turpin

and Lim (2001) suggested a ratio around 1.2–1.6 from fresh

emissions to aged air mass in remote area. Considering our

study was mainly focused on urban areas where emissions

were not fully aged, we used the ratio of 1.4 to convert OC

concentrations.

2.3.2 OA production estimation

The evolution of primary VOC emissions to SOA forma-

tion is determined by OH exposure in the atmosphere. The

OH exposure can be calculated with Eq. (4) developed by de

Gouw et al. (2005, 2008).

1t · [OH] =
1

(kX− kE)
×

[
ln

(
[X]

[E]

∣∣∣∣
t=0

)
− ln

(
[X]

[E]

)]
(4)

Here, 1t is photochemical age (h); [OH] is the average OH

radical concentrations (molecules cm−3). The ratio of m, p-

xylene to ethylbenzene (X /E) was considered as a photo-

chemical clock. kX and kE are the OH rate constants of m,

p-xylene (18.9× 10−12 cm3 molecule−1 s−1) and ethylben-

zene (7.0× 10−12 cm3 molecule−1 s−1, Yuan et al., 2013).

[X]/ [E]|t=0 and [X] / [E] are initial emission ratio and

the ratio after photochemical reaction of m, p-xylene to

ethylbenzene. The concentrations of m, p-xylene and ethyl-

benzene showed good correlations during the observations

(Fig. S3). The different diurnal variations of m, p-xylene

and ethylbenzene indicated that they are oxidized at different

rates to each other (Fig. S4). Figure 3 illustrates the diurnal

distributions of the ratios of observed m, p-xylene to ethyl-

benzene in summer and winter of 2013. The initial emission

ratios of m, p-xylene to ethylbenzene were determined by

the X /E ratio on 97.5 percentiles, which were 2.17 and 1.68

in summer and winter, respectively.

OA production is determined by the loss terms and for-

mation rates of OA concentration after POA emissions ex-

haust into the atmosphere. de Gouw et al. (2008) introduced

a method to explain the OA evolution during photochemical

aging of urban plumes as shown by Eq. (5).

1OA

1CO
=
1POA

1CO
+
1SOA

1CO

= ERPOA× exp(−LOA ·1t)+ERVOCi ×YOAi

×
POA

LOA−POA

×
[
exp(−POA ·1t)

−exp(−LOA ·1t)
]

(5)

Here, 1OA /1CO is the ratio of OA formation versus CO

emissions after photochemical reaction (µg m−3 ppmv−1).

ERPOA is the primary emission ratio of OA to CO emis-

sions (µg m−3
× ppmv−1). ERVOCj is the primary emission

ratio of VOC (including SOA precursors and unidentified

species) from source j to CO emissions in the unit of

ppbv−1 ppmv−1. Yj is the SOA yield of source j , which is

determined by Eq. (3). LOA and POA are the loss and for-

mation rate of organic aerosol, respectively. We used the em-

pirical parameters derived by de Gouw et al. (2008), which

were 0.00677 and 0.0384 h−1, respectively. 1t is the pho-

tochemical age calculated by Eq. (4). Because there is no

OH measurement in Shanghai, we reference the 24 h average

OH concentration (3× 106 molecules cm−3) from de Gouw

et al. (2008).

2.3.3 Determination of vehicular OA contribution

The observed 1OA /1CO in the atmosphere represents the

ratio of total POA emissions and their SOA formation to total

CO emissions from all sources, which can be explained by

Eq. (6) as follows.(
1OA

1CO

)
obs

=
POAtotal+SOAtotal

COtotal

=
(POAveh+SOAveh)

COtotal

+
(POAoth+SOAoth)

COtotal

=
OAveh

COtotal

+
OAoth

COtotal

(6)

The contribution of vehicular OA to total OA pro-

duction in the atmosphere can be determined by the

ratio of OAveh /COtotal to (1OA /m1CO)obs. Here,

(1OA /1CO)obs is the ratio of observed 1OA (Obs, OA-

OAbackground) to observed 1CO (Obs, CO-CObackground) in

the unit of µg m−3 ppmv−1. OAveh /COtotal is the ratio of

vehicular POA emissions and SOA formation to total CO

emissions, which can be calculated by Eq. (5). ERPOA and

ERVOCj in Eq. (5) represent the ratios of vehicular POA

and VOC emissions to total CO emissions from vehicles

Atmos. Chem. Phys., 15, 11081–11096, 2015 www.atmos-chem-phys.net/15/11081/2015/
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Figure 3. Diurnal distributions of the ratios of m, p-xylene to ethylbenzene concentrations in summer and winter in the urban atmosphere in

2013.

and other sources. The total amount of CO emissions was

1.2× 106 tons according to the annually updated emis-

sion inventory in Shanghai for the year of 2012. Iron and

steel manufacturing was the major source of CO emissions,

which accounted for 54 % of the total. The sector produced

19.7× 106 and 18× 106 tons of pig iron and crude steel, and

consumed more than 10× 106 tons of coal in 2012. Vehi-

cles were the second largest source, accounting for 27.8 %

of the total. However, considering the observation site was

located in the urban area and most of the industrial CO emis-

sion sources were located in the surrounding areas (about 30–

50 km from the city center), it would be more reasonable to

simulate the contribution of CO concentration from vehicle

exhausts and other sources to the receptor by using a numer-

ical model. Here we used the CMAQ model and brute-force

method to simulate the CO concentrations during January

and August in 2013 under two scenarios of with or without

vehicular CO emissions. The meteorological data was from

the results of the Weather Research and Forecasting Model

(WRF). Detailed information is shown in the supplement ma-

terials. The results showed that vehicles dominated CO emis-

sions in urban Shanghai, accounting for 66 and 70 % of to-

tal CO concentrations in summer and winter, respectively.

On this account, the vehicular fraction of total CO emissions

used in this study was determined to 68 %.

3 Results and discussion

3.1 Vehicle emission inventory

The emissions of CO, NOx , VOCs, EVA (gas evaporation),

EC, and POA (OC× 1.2) from vehicles were 343.9, 110.9,

39.4, 8.9, 4.0, and 4.3 k tons in Shanghai for the year of

2012 (See Table 3). Gasoline vehicles (including LDGV,

taxis, HDGV, and motorcycles) were the major sources of

CO, VOCs, and EVA emissions, accounting for 91, 69,

and 100 %, respectively. Diesel vehicles (including LDDV,

HDDV, and buses) were the major source of NOx , EC, and

POA emissions, comprising 82, 99, and 96 %, respectively.

CO and VOC (including EVA) emissions decreased by 40

and 38 % compared with the results for the year of 2004

from Wang et al. (2008). NOx emissions increased by 21 %.

PM emissions were estimated low in that study, since the

PM emission factors were much lower than real-world mea-

surement data, as shown in Fig. 2. Gasoline vehicle emis-

sions have been well controlled even though their VKTs have

nearly doubled in the past few years. In comparison, the con-

trol effect of diesel vehicle emissions was relatively poor. It is

clear that diesel exhausts dominate the primary PM (includ-

ing EC and OA) emissions in Shanghai. However, since VOC

emissions are mainly from gasoline vehicles, we will further

discuss the contributions of gasoline and diesel exhausts to

SOA.

3.2 VOC species of vehicle emissions and gas

evaporation

Figure 4 compares the VOC compositions of the exhausts

from different vehicle types and gas evaporation in this study

to the results from other countries or regions. Since the VOC

species measured in different studies are not the same, we

normalized the concentrations of the common species includ-

ing C2–C12 alkanes, alkenes, alkynes, and single-ring aro-

matics in each study as 100 %. Other compounds and uniden-

tified VOCs were excluded in the comparison. The weighted

percentages of individual VOC for the exhausts from differ-

ent vehicle types and gas evaporation were listed in Table S1

in the Supplement.

The exhausts from gasoline vehicles (including LDGVs

and taxis) had similar VOC compositions. Single-ring aro-

matics were the major species of the exhausts from gaso-

line vehicles, approximately accounting for 50 % of the to-

tal VOCs. Straight-chain alkanes, branched alkanes, and

cycloalkanes comprised 17.0, 18.1, and 6.1 % of the to-

tal VOCs, respectively. Toluene, m, p-xylene, o-xylene,

and ethylbenzene were the main compounds in LDGV and

taxi exhausts, accounting for 7.54, 6.71, 5.20, and 4.42 %
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Table 3. Vehicle emission inventory in Shanghai.

Emission inventory (k ton)

Vehicle type CO NOx VOCs EVA EC POA

(OC× 1.2)

In vehicle type:

LDGV 192.03 13.30 15.59 6.15 0.02 0.07

LDDV 1.89 5.72 0.32 0.00 0.17 0.11

Taxi 68.89 3.86 5.56 1.96 0.01 0.03

HDGV 36.79 2.20 2.29 0.29 0.00 0.01

HDDV 24.71 67.56 9.74 0.00 3.16 3.40

Bus 5.53 17.56 2.06 0.00 0.58 0.62

Motorcycle 14.01 0.67 3.85 0.49 0.02 0.06

In fuel type:

Gasoline 311.71 20.04 27.28 8.88 0.05 0.17

Diesel 32.14 90.84 12.12 0.00 3.91 4.13

Total 343.85 110.88 39.40 8.88 3.96 4.30

of the total VOCs, respectively. Motorcycles emitted more

branched alkanes and a lower rate of single-ring aromatics

than LDGVs and taxis. 2-methylhexane (23.43 %) was the

most abundant VOC in motorcycle exhausts, followed by

m, p-xylene (9.34 %), ethylbenzene (5.53 %) and o-xylene

(4.37 %). It was indicated from Fig. 3 that the proportion of

single-ring aromatics in LDGV exhausts was higher and the

proportion of alkenes was lower in this study and previous

studies in China (Liu et al., 2008; Wang et al., 2013) than

those in Hong Kong (Guo et al., 2011) and the US (Schauer et

al., 2002; Gentner et al., 2013; May et al., 2014). The differ-

ences of aromatic content in gasoline fuel in different regions

and countries could be the main reason of the difference in

the proportion of aromatic compounds in LDGV exhausts.

The limit of aromatic content in current gasoline standards

in China was 40 vol %, which was much higher than the lim-

its of gasoline standards of the US (22–25 vol %) and Europe

(35 vol %).

A high proportion of straight-chain alkanes was measured

in the exhausts from diesel vehicles, which accounted for

34.9 and 35.6 % of the total VOCs from HDDT and bus ex-

hausts, respectively. N-dodecane, propene, n-undecane, ace-

tone, and n-decane were major species in diesel exhausts,

accounting for 13.65, 10.85, 8.69, 7.00, and 6.86 % of the

total VOCs, respectively. The proportions of straight-chain

alkanes in diesel exhausts in this study were much higher

than those in the previous studies of the US (Schauer et al.,

1999; May et al., 2014). Incomplete combustion of diesel

fuel caused by poor engine maintenance could be the main

reason for the high straight-chain alkane emissions.

High proportion of alkenes was measured in gas evap-

oration in this study, which accounted for 40 % of the to-

tal VOCs. Propane, isopentane, isobutene, 1-pentene, and n-

butane were major species in gas evaporation emissions, ac-

counting for 15.99, 11.87, 9.69, 8.87, and 6.51 % of the to-

tal VOCs, respectively. The proportions of VOC species in

gas evaporation in this study were close to the results in the

other study in China (Zhang et al., 2013), but different from

the studies in the US (Harley et al., 2000) and Korea (Na et

al., 2004), which reported fewer alkenes and more branched

alkanes in gas evaporation.

3.3 SOA yields of different vehicle exhausts and gas

evaporation

VOC species of vehicle emissions and gas evaporation were

classified into five categories by their chemical classes, and

their distributions of carbon numbers were shown in Fig. 5a.

Previous studies have confirmed that IVOCs, which were not

detected in this study, played important roles to SOA produc-

tion (Jathar et al., 2013; Zhao et al., 2014). For this reason,

we introduced the amounts of alkanes and aromatic larger

than C12 and polycyclic aromatics in unburned fuels from

Gentner et al. (2012) as the inferred S/IVOCs as shown in the

light-colored bars in Fig. 5a. The carbon numbers of VOCs

in gasoline and motorcycle exhausts mainly concentrated in

the intervals between C6 to C9, whether the IVOCs were

merged or not. Comparatively, exhausts from diesel vehicles

had a wider distribution of carbon number, ranging from C2

to C25. More than half of the species were S/IVOCs and most

of them were alkanes. The carbon numbers of VOCs in gas

evaporation were mainly distributed within the range of C3-

C7, which were much smaller than those in vehicle exhausts.

Figure 5b shows the SOA mass yields of different chemi-

cal class. To compare the differences of the SOA yields with

or without S/IVOC species, we set two scenarios as “Y1”

and “Y2”. Y1 indicates the SOA yields of measured C2–

C12 VOCs in this study. Y2 includes the extra SOA yields

of inferred S/IVOCs. S/IVOC species had little effect on the

SOA yields of gasoline exhausts and evaporative emissions.

Aromatics dominated the yields which accounted for almost
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Figure 4. Comparisons of measured VOC compositions of the exhausts from different vehicle types and gas evaporation to the results in

other studies (a. Liu et al., 2008; b. Wang et al., 2013; c. Guo et al., 2011; d. Schauer et al., 2002; e. May et al., 2014; f. Gentner et al., 2013;

g. Schauer et al., 1999; h. Zhang et al., 2013; i. Harley et al., 2000; j. Na et al., 2004).

100 % of the total. However, the SOA yield of diesel exhaust

was significantly affected by S/IVOCs. The yield increased

from 0.010 to 0.191 when the inferred S/IVOCs were consid-

ered. In the Y2 scenario, aromatics were still the largest con-

tributors (34.9 %) to – but not dominating – the yield. Next

were branched alkanes, polycyclic aromatics, and straight-

chain alkanes, which accounted for 24.8, 17.1, and 12.7 %.

The SOA yield of gasoline exhaust was larger than the

yield of liquid gasoline reported by Gentner et al. (2012).

We found the aromatic contents in gasoline exhausts of this

study which dominated the SOA yield were much higher than

those in the reference. This may be due to the loose limit of

aromatics for the gasoline fuel in China. However, the esti-

mated yield of gasoline exhaust was much lower than the ef-

fective yields (3–30 %) of LEV-1 (tier 1 of low emission ve-

hicle standards in California, US) gasoline vehicles (similar

to Euro 1–3 LDGVs tested in this study) investigated using a

smog-chamber experiment by Gordon et al. (2014a). The rea-

son for the underestimation was still unclear. In contrast, the

estimated SOA yield of diesel exhaust which combined the

inferred S/IVOCs (Y2) was higher than the average effective

yields (9± 6 %) for HDDVs without DPF based on smog-

chamber experiments by Gordon et al. (2014b). Since there

were few experiments on motorcycle exhausts, we compared

the SOA yield of motorcycle exhausts with the experiment

results from the exhausts of 2- and 4-stroke gasoline off-road

engines (Gordon et al., 2013). Neither motorcycles nor off-

road engines had catalytic converters. The estimated yield

was close to the experiment results of off-road engine ex-

hausts (2–4 %).

3.4 Primary emission ratio and SOA formation

potential based on observation

Figure 6 is a scatter plot of OA versus CO concentrations

measured in urban Shanghai in the summer and the win-

ter of 2013. The observation data were color-coded by OH

Figure 5. (a) Distributions of mass by chemical class in carbon

number of different vehicle exhausts and evaporative emissions;

(b) calculated SOA yields based on C2–C12 VOCs measured in this

study (Y1) and C2–C12 VOCs plus the inferred S/IVOC species

(Y2). The inferred S/IVOC species are shown in light-colored bars.
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Figure 6. Relationship of measured OA and CO concentrations color-coded by the photochemical exposure in the summer (a) and winter

(b) of 2013 in urban Shanghai according to Eq. (4). Minimum and maximum ratios of observed OA to CO concentrations are shown by

dotted gray and black lines. Vehicular POA/total CO is shown by the dotted yellow line. The minimum and maximum OA formation ratios

of vehicle emissions calculated with three different SOA yields of Y1, Y2 and Y3 are shown by the dotted pink, orange, and red lines,

respectively.

exposure (1t × [OH]) determined by Eq. (4). It was indi-

cated from the figure that the ratios of OA to CO concen-

trations generally showed growing trends with the increase

of OH exposure both in summer and winter. The results were

similar to the previous studies in the United States, Japan,

and Mexico (Bahreini et al., 2012; de Gouw et al., 2008;

Takegawa et al., 2006; DeCarlo et al., 2008). The primary

emission ratios of POA to CO were determined by the mini-

mum slopes of the observed OA to CO concentrations, about

12 µg m−3 ppmv−1 in both summer and winter (as shown by

the dotted gray lines). The maximum slopes of OA to CO

were 50 and 35 µg m−3

,ppmv−1 (as shown by the dotted black lines) in sum-

mer and winter, respectively. The SOA formation ratio in

summer was much higher than in winter. The inventory-

based vehicular POA emissions to total CO emissions was

10.6 µg m−3 ppmv−1 in the urban area of Shanghai (shown

by the dotted yellow lines), close to the primary emission

ratio observed in the atmosphere, which indicated that vehi-

cles dominated the POA emissions in urban Shanghai. The

dotted pink and orange lines in Fig. 6 represent the maxi-

mum OA production ratios (assuming SOA precursors were

100 % reacted) calculated with the SOA yields in Y1 (only

detected VOCs in this study) and Y2 scenarios (detected

VOCs plus the inferred S/IVOCs). The maximum OA pro-

duction ratios were 13.8 and 18.7 µg m−3 ppmv−1, respec-

tively. It was indicated that S/IVOCs played a much more

important role in SOA production of vehicle exhaust. How-

ever, the maximum OA production ratio for the Y2 scenario

was still considerably underestimated compared with the ob-

servation data, which implied that the SOA yields derived by

known and estimated species were still far from explaining

the actual SOA formation rate in the atmosphere. For this

reason, we introduced the measured SOA yield of gasoline

exhaust (∼ 0.190) from Gordon et al. (2014a) to substitute

the yield for gasoline vehicles (0.039) in the Y2 scenario

and defined the new group as the Y3 scenario. The maxi-

mum OA production ratio (shown by the dotted red lines)

increased to 27.6 µg m−3 ppmv−1, but still failed to reach the

maximum observed1OA /1CO. There must be other emis-

sion sources of SOA precursors in the atmosphere of Shang-

hai. Previous studies have revealed that VOC emissions from

solvent usage, chemical and petrochemical industrial, and

coal burning, etc. comprised more than 70 % of the observed

VOCs in the atmosphere of urban Shanghai (Cai et al., 2010;

Wang et al., 2013). The SOA production of VOC emissions

from these sources cannot be ignored.

3.5 Estimation of vehicular OA contribution in the

urban atmosphere

Figure 7 shows the diurnal variations of average observed

1OA /1CO and OH exposure in summer and winter. There

was a strong correlation between the observed 1OA /1CO

and OH exposure, which indicated that the photooxidation

dominated the SOA formation in the atmosphere. In the

role of photochemical reaction, the observed 1OA /1CO

showed a rapid growth trend in the afternoon in summer

and reached a peak around 13:00–14:00 local time. The aver-

age observed 1OA /1CO in urban atmosphere of Shanghai

were 33.2 and 21.1 µg m−3 ppmv−1 in summer and winter,

respectively.

To evaluate the contribution of vehicle emissions to OA

production in the urban atmosphere, we estimated the vehic-

ular OA formation ratio to total CO emissions with Eq. (5)
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Figure 7. Diurnal variations of observed 1OA /1CO in the atmosphere (red line), OH exposures (blue line), and the ratios of vehicular

POA emissions (gray line) and OA formation (orange line) to total CO emissions with the SOA yields in three scenarios (Y1, Y2, and Y3)

in summer and winter in the urban area of Shanghai for the year of 2013.

in three scenarios. Figure 7a and b showed the results of ve-

hicular OA formation ratios to total CO emissions in the Y1

scenario. The SOA yields of gasoline, diesel, and motorcy-

cle exhausts and gas evaporation were 0.046, 0.010, 0.024,

and 0.0009, respectively. Figure 7c and d showed the re-

sults in the Y2 scenario where the inferred S/IVOCs were

merged. The SOA yields of gasoline, diesel, and motorcy-

cle exhausts and gas evaporation were 0.047, 0.191, 0.025,

and 0.0009, respectively. Figure 7e and f showed the results

in the Y3 scenario. The SOA yield of gasoline exhaust was

replaced to 0.190, based on the experiment by Gordon et

al. (2014a). The photochemical age (1t) in each hour was

calculated with Eq. (4). Due to the lack of OH measurements

in Shanghai, we referenced the 24 h average OH concentra-

tion (3× 106 molecules cm−3) from de Gouw et al. (2008).

The gray and yellow lines show the ratio of vehicular POA

and OA production to total CO emissions. The average ve-

hicular OA production ratios to total CO emissions in the

urban area were 10.6 and 10.8 µg m−3 ppmv−1 in summer

and winter in the Y1 scenario, 11.8 and 11.4 µg m−3 ppmv−1

in the Y2 scenario, and 13.3 and 12.4 µg m−3 ppmv−1 in the

Y3 scenario. The vehicular OA mass accounted for 34 and

52 % of the average observed OA in summer and winter in

the urban atmosphere of Shanghai in the Y1 scenario. The

contributions increased to 37 and 55 % in the Y2 scenario,

and 41 and 59 % in the Y3 scenario. It was indicated that

vehicle emissions were the major source of OA mass in the

urban atmosphere of Shanghai. For the Y2 scenario where

the inferred IVOC species were merged to SOA yield estima-

tion, the vehicular OA production ratios increased by about

3 %. For the Y3 scenario where the SOA yield of gasoline

exhausts was enhanced to the smog-chamber experiment re-

sult (0.190), the vehicular OA production ratios further in-

creased by about 4 %. Vehicular SOA formation ratios ac-

counted for 4 % of the total vehicular OA in the Y1 scenario,

9–13 % in the Y2 scenario, and 16–23 % in the Y3 scenario.

The SOA formation ratios in both scenarios were lower than

expected. There were two possible reasons for the underes-

timation. One reason was that other emission sources with

high SOA formation potentials in addition to vehicles were

not considered in this study. The non-fossil VOC emissions

from solvent use, chemical and petrochemical industries etc.

reported by previous studies could be the rest of the contrib-

utors (Cai et al., 2010; Wang et al., 2013). Another possible
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Figure 8. Contributions of vehicle emissions to OA formation ratios

in different vehicle and fuel types in Y1, Y2 and Y3 scenarios with

the changes of photochemical ages.

reason was that the SOA yields were still underestimated in

this study. There were about 30, 50, and 15 % of VOC species

still unidentified in gasoline, diesel, and motorcycle exhausts

even after we combined the inferred S/IVOC species reported

in Gentner et al. (2012). The SOA formation potentials of

the identified VOC species may contribute more SOA than

expected.

At present, few SOA observations in the cities of China

can be referenced to verify the results in this study. Huang et

al. (2014) have reported that the fossil OA dominated the OA

mass (∼ 40 %) in Shanghai based on the observation data in

the first quarter of 2013, which was slightly lower than our

result. The possible reason for the difference could be the

location of the observation site (close to urban or suburban).

However, the studies both indicated that vehicle emissions

were the major source of OA mass in large cities of China.

3.6 SOA formation contributions of different vehicle

types

Figure 8a and b show the changes of OA formation ratios

in different fuel and vehicle types in the Y1 scenario with

the increase of the photochemical age. The OA produced

from evaporative emissions were combined in gasoline ve-

hicles and corresponding vehicle types. The inventory-based

1OA /1CO show downward trends in the Y1 scenario.

Diesel exhausts dominated OA production, which accounted

for 96, 91 and 84 % after 0, 6, and 24 h of photochemical

reaction. HDDV and bus emissions were major sources of

OA production. Figure 9c and d show the changes of OA

formation ratios in the Y2 scenario. The 1OA /1CO show

upward trends in the Y2 scenario. The contributions of diesel

exhausts in this scenario increased to 92 and 87 % after 6 and

24 h of photochemical reactions. Figure 9e and f show the

changes of OA formation ratios in the Y3 scenario. The con-

tribution of gasoline vehicles in this scenario increased a lot.

Although gasoline vehicles only accounted for 4 % of POA

emissions, their contributions to vehicular OA formation in-

creased to 18 and 34 % after 6 and 24 h of photochemical re-

actions, respectively. LDGV is the second large contributor

after HDDV. It can be indicated that diesel vehicles were the

largest contributors to vehicle-derived OA in both scenarios

although they only accounted for less than 20 % of VKTs in

Shanghai. Control of the POA emissions and SOA precursors

from diesel vehicles are equally important. Gasoline vehicle

could be another important contributor to vehicular OA for-

mation. However, some debates on the SOA yield of gasoline

exhaust still exist. It will be meaningful to find out their ac-

tual SOA yield and key precursors for urban OA pollution

control.

4 Conclusions

To evaluate the OA contribution of vehicle emissions in the

urban atmosphere of Shanghai, we developed a vehicular

emission inventory and estimated the SOA yields of gasoline,

diesel, and motorcycle exhausts and gas evaporation based

on measured C2–C12 VOC species and inferred S/IVOC

species based on Gentner et al. (2012). Higher contents of

aromatics were measured in this study and other studies in

China compared with the results from the US and Europe.

A loose limit on aromatic contents in the standard of gaso-

line fuel in China should be responsible for the high aromatic

contents, which resulted in a larger SOA yield of gasoline ex-

hausts than the results reported by Gentner et al. (2012) based

on the same method. However, the estimated yield was still

much lower than the results from smog-chamber experiments

(Gordon et al., 2014a), which implied that the unidentified

species were considerably contributing to SOA formation.

Vehicles dominated the POA emissions and OA produc-

tion in the urban atmosphere of Shanghai. Their contribu-

tions to OA production were about 40 and 60 % in summer

and winter, respectively. The rest of the contributors could

be the non-fossil VOC emissions from solvent use, chemical

and petrochemical industrials, etc. and the underestimated

SOA production from unidentified VOC or IVOC species

in the exhaust. At present, vehicles are experiencing rapid

growth trends in the cities of China. Primary emissions and

secondary formation of OA derived from vehicles will lead

to further deterioration of fine particle pollution in the ur-
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ban area. Reduction of primary PM emissions and SOA pre-

cursors from vehicle exhausts will be helpful to improve the

air quality in the cities of China. The results also indicate

that diesel exhausts dominate the POA emissions in the ur-

ban area. Therefore, strengthening the primary PM emission

control of diesel vehicles, especially for the older diesel vehi-

cles with loose emission standards, as shown by Fig. 2, plays

an important role in OA pollution prevention. Now China is

conducting the large-scale elimination of “yellow-labeled”

diesel vehicles whose emission standards were lower than

Euro 3. It can be expected that the OA pollution caused by

diesel vehicles will be effectively reduced. On the other hand,

gasoline exhausts have high potential impacts on SOA for-

mation in the urban area. Tightening the limit of aromatic

contents in gasoline fuel will be meaningful to reduce the

SOA contributions of gasoline vehicles.

There are still some uncertainties that need to be improved

upon in the future. First is the SOA mass yield. More ex-

periments on SOA yields of vehicle exhausts in China will

be helpful to the SOA formation potentials of different ve-

hicle types. Especially for gasoline exhausts, the estimated

SOA yield was much lower than the experiment results in

the US. Vehicular OA contributions will increase about 4–

5 % if we replace the estimated SOA yield of gasoline ex-

haust to the experiment result. It will be meaningful to find

out their actual SOA yield and key precursors for urban OA

pollution control. The emission inventory is another impor-

tant source of uncertainty in this study. To reduce the un-

certainty of the vehicular emission inventory, we localized

the vehicle mileage and emission factor data based on traffic

surveys in Shanghai and real-world measurements in some

cities of China. However, the CO emission inventories of

other sources shown in Fig. S5 still have large uncertainties

according to the previous study (Huang et al., 2011). A more

accurate emission inventory will be helpful to reduce the un-

certainty of vehicular OA contribution in this study. How-

ever, it can be concluded that vehicle emissions are the most

important contributors to OA pollution in the cities of China.

Another implication is the potential role of IVOCs in vehi-

cle exhausts, which are very important in SOA formation in

urban areas. Therefore, further studies need to pay more at-

tention to determine the contributions of IVOC emissions to

OA pollution in China.

The Supplement related to this article is available online

at doi:10.5194/acp-15-11081-2015-supplement.
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