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Abstract. Volatile organic compounds (VOCs) were mea- gions, indicating SOA formation is also beyond explainable
sured by two online instruments (GC-FID/MS and PTR-MS) by VOC oxidation in the two city clusters.

at a receptor site on Changdao Island (37199120.70 E)

in eastern China. Reaction with OH radical dominated chem-

ical losses of most VOC species during the Changdao cam-

paign. A photochemical-age-based parameterization method Introduction

is used to calculate VOC emission ratios and to quantify

the evolution of ambient VOCs. The calculated emission ra-Volatile organic compounds (VOCs) are key constituents in
tios of most hydrocarbons agree well with those obtainedthe atmosphere, as precursors of tropospheric ozone and sec-
from emission inventory data, but determined emission ratio®ndary organic aerosols (SOA). VOCs are oxidized by OH
of oxygenated VOCs (OVOCs) are significantly higher than radical, ozone and Nfradical as soon as they are emitted
those from emission inventory data. The photochemical-agefrom primary sources into the atmosphere. VOC lifetimes
based parameterization method is also used to investigate pi? the atmosphere are controlled by the rate constants of
mary emissions and secondary formation of organic aerosolYOCs with these oxidants, which span across several orders
The primary emission ratio of organic aerosol (OA) to CO of magnitude (Parrish et al., 2007). In most environments,
is determined to be 14.9 pgrhppm L, and secondary or- reactions with OH radical are the dominant sink for various

ganic aeorosols (SOA) are produced at an enhancement r¥.OCs (Warneke et al., 2004). Oxygenated VOCs (OVOCs)
tio of 18.8 ug nT3 ppni~L to CO after 50 h of photochemical ¢an also be formed from the oxidations of other VOC species
processing in the atmosphere. SOA formation is significantly(de Gouw et al., 2005). Thus, VOC evolution provides a per-
higher than the level determined from VOC oxidation under SPective to understand the chemical mechanisms in the atmo-
both high-NQ. (2.0 pg nT3 ppnit CO) and low-NQ condi-  SPhere (Apel etal., 2010).

tions (6.5 pg m= ppm1 CO). Polycyclic aromatic hydrocar- Although SOA formation in the atmosphere has been of
bons (PAHs) and higher alkanes (> C10) account for as higifoncern since the 1980s, recent evidence has shown that am-
as 17.4% of SOA formation, which suggests semi-volatile Pient SOA concentrations are significantly larger than the
organic compounds (SVOCs) may be a large contributor tooredicf[ed levels (de Gouw et al., 2005; Heald et al., 2005;
SOA formation during the Changdao campaign. The SOAMatsui et al., 2009; Volkamer et al., 2006). The reasons
formation potential of primary VOC emissions determined for the discrepancies are found in the latest laboratory and
from field campaigns in Beijing and Pearl River Delta (PRD) field measurements: (1) SOA yields of many VOC species

is lower than the measured SOA levels reported in the two rehave strong dependence on N@vel (Ng et al., 2007);
(2) small VOC species are also identified as important SOA
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precursors (Molkamer et al., 2007, 2009); (3) SOA forma-2 Measurements
tion from biogenic-originated VOCs could be enhanced by
anthropogenic emissions (Goldstein et al., 2009); (4) semi-A rural receptor site on Changdao Island (Changdao, Fig. 1)
volatile organic compounds are significant contributors towas selected for this campaign. Changdao Island lies be-
SOA formation (Robinson et al., 2007). Using these newtween Liaoning Peninsula and Jiaodong Peninsula, 20 km
findings, the gaps between measured and modeled SOA comwrff the coast of the mainland. The sampling site (37199
centrations are significantly reduced in some environmentsd20.70 E) was on the top of a hill with a height of about
(Bahreini et al., 2009; Dzepina et al., 2009; Capes et al. 30 m above ground. In this study, VOCs were measured by
2009), but the physical/chemical properties of SOA (e.g. thetwo online instruments, namely gas chromatography with a
O: C ratio) are found to be difficult to reproduce. mass spectrometer detector and a flame ionization detector
The importance of SOA in organic aerosol (OA) in China (GC-MS/FID) and a proton transfer reaction mass spectrom-
was initially explored by OC/EC ratios (organic carbon eter (PTR-MS).
to element carbon) in various environments (Zhang et al.,, The custom-built online GC-MS/FID was a two-channel
2008a) and chemical mass balance (CMB) models by usingystem and was capable of measuring C2—C10 hydrocarbons
organic molecular tracers (Zheng et al., 2005). Recently, theand selected C2—C5 carbonyls. This system was described by
results from an aerosol mass spectrometer (AMS) showedur previous paper (Yuan et al., 2012) and only small mod-
that SOA accounted for about half of organic aerosols at urfications of the system are presented here. Samples are col-
ban sites (Huang et al., 2010) and even higher at rural sitefected into GC-MS/FID for 5 min every 1h at a flow of 60
(Huang et al., 2011). Recently, regional air quality modelsmL min—. Most of the C2—C5 hydrocarbons were measured
were used to study SOA formation in China (Fu et al., 2012;by the FID channel and other species were recorded from the
Jiang et al., 2012; Han et al., 2008). The modeled concenMS channel. In the first period (20 March-1 April) of the
trations and budgets of SOA in these studies have strongampaign, internal standards were injected into the system
dependence on the estimates in VOC emission inventorieafter collecting the ambient samples to record the variabil-
of China, associated with large uncertainties (Zhang et al.jty of the instrument stability. However, the injection of the
2009). The uncertainties of emission inventory data preventjnternal standard brought some interference from the sam-
at least partially, an accurate judgment on the discrepanciepling lines or the internal standard canister. The internal stan-
between modeling results and ambient measurements (Jiardprd was abandoned in the second period of the campaign
etal., 2012). (2—25 April) and only data in the second period is used in
Central eastern China (CEC) has been identified as dhe following analysis. The signal variations of various VOC
hotspot of air pollution, with high density of population in species due to system instability were corrected by the sig-
China (van Donkelaar et al., 2010). Ground-based and satehal of 1,1,2-trichloro-1,2,2-trifluoroethane (CFC-113). As a
lite measurements show that the levels of air pollutants, suchesult of low emissions, concentrations of CFC-113 are quite
as NOQ (van der A et al., 2008) and formaldehyde (De Smedtstable in a period of 1 month in the atmosphere. Sensitivities
et al., 2010), keep on increasing. The impact of central eastef various VOC species were calibrated by two gas standards
ern China outflow to other neighboring countries (e.g. Koreawith 55 and 63 compounds, respectively (Spectra Gases Inc.,
and Japan) and the west Pacific Ocean has been of increasitdSA, and Apel-Riemer Environmental Inc., USA). The pre-
concern (Kondo et al., 2011). cision of the system for hydrocarbons and OVOCs was better
An intensive filed campaign (Campaign of Air Pollution at than 5% and 10 %, respectively. The measured uncertainties
Typical Coastal Areas in Eastern China, CAPTAIN), aiming of different species were calculated as being lower than 15 %.
at transport and evolution of trace gases and aerosol in thB®etection limits for various compounds were in the range of
outflow of central eastern China, was conducted during thed.002-0.070 ppb (Yuan et al., 2012).
period 20 March—25 April 2011. VOCs and organic aerosol VOCs were also measured by a commercial PTR-MS (lon-
were simultaneously measured at a rural site using state-oficon Analytik, Innsbruck, Austria). The setup of the instru-
the-art instruments. In this study, VOC evolution and SOA ment was identical to the Beijing measurements in our pre-
formation will be investigated by a parameterization methodvious paper (Yuan et al., 2012). Six additional masses were
based on photochemical age. The determined VOC emissiorecorded #z/z 54, m/z 83, m/z 89, m/z 95, m/z 129 and
ratios in the campaign are compared with those obtained inn/z 135) during the Changdao campaign, resulting in a to-
other regions and in emission inventory data. SOA formationtal of 28 masses during the campaign. Background signals
from VOC oxidation are calculated and compared with thewere measured for 15 min every 2.5 h by passing ambient air
measured SOA. The reasons for discrepancies between metirough a platinum catalytic converter at 3%D (Shimadzu
sured and calculated SOA will be further explored. Inc., Japan). Aromatics, oxygenates, isoprene and acetoni-
trile were calibrated by a cylinder gas standard from Apel-
Riemer Environmental Inc., USA. Formic acidi(z 47),
acetic acid £2/z 61) and monoterpenes:(z 81 andm/z
137) were calibrated by permeation tubes (Kin-Tek, USA).
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. e — | s e _This study will mainly focus on evolutions of urban emis-
10? 10 10* o e o3 sions; thus data filtering is needed for the following anal-
VOCs emissions, Tonly 31570, - ysis. During the campaign, two biomass burning plumes
50 : were identified from acetonitrile and CO concentrations on
270 % 31 March and 6 April, respectively. The Changdao site was
s — also occasionally influenced by coal burning emissions from
' 225 B &lo nearby small factories. Coal burning plumes were identified
180 from the spikes of naphthalene, benzene and CO concen-

Latitude

trations. Ocean emissions to VOCs are found to be minor
in this study, as indicated by the low VOC concentrations
when air masses passed over the Bohai Sea from the north
(Sect. 3.1). Measurement data during the periods with influ-
ences from biomass burning and coal burning were filtered
: out from the analysis in this study. The filtered data from
15 120 125 various instruments are averaged according to sampling time
Longitude of GC-MS/FID for the further analysis.

Fig. 1. (A) Location of the Changdao site. The areas are color-coded

using VOC emissions strength (Zhang et al., 2009).The black lines

are the 48 h back trajectory cluster of the Changdao site during th Results

campaign. The numbers in the legend show the average CO concen-

trations (ppm) in each clustgB) Wind rose plot during the cam- 3.1 VOC concentrations and influences from regional

40

== C2:0.61
—>= C3:0.53

270

=~ C4:0.29
== | =O— C5:0.22

paign.(C) Distributions of CO and benzene average concentrations transport
with wind direction during the Changdao campaign. Data with wind
speed lower than 0.5nT$ are filtered out. Measured hydrocarbons and OVOC species and their average

concentrations are listed in Table 1 and Table 2, respectively.
The total measured concentrations of hydrocarbons and
db 89 sianals (Fig. S1 129 OVOCs during the Changdao campaign were691 ppb
were corrected byn/z 89 signals (Fig. S1yn/z 129 was  ,n4 15 24 8.1 pph, respectively. The total concentrations of
gttnbuted to naphthalene (Bqn et_al., 2011) and its SenSItIV’hydrocarbons are significantly lower than those measured
!ty \{vashadzar]pted flror; thiSCahlt\)Aratmn factor of C10 z_aroma;t—in urban sites (e.g. Beijing) in the central eastern China re-
Ics 'rr:rt] ? channel o /Zh I5 eaf]uremt;nt uncertamtyotl)' ion (Shao et al., 2011). Alkanes (including acetylene with a
nap t agne |'JS SQT].eWSS (t)/ arger than other species and it f,, reactivity) are the dominant contributors to hydrocarbon
estimated to be W.'t n 0 . . concentrations (67.2 %). The percentages of alkenes, aromat-
An Aerodyne high-resolution time-of-flight aerosol MASS o5 in hydrocarbons concentrations are only 18.9 %, 13.9 %,
spectrqmeter (HR-TOF-AMS) was _also deploy(_aq at the Slterespectively. The average concentrations of isoprene, MVK
to continuously measure the chemical compositions of SUb'and MACR were 0.0% 0.01. 0.02+0.01 and 0.03 0.01
micron aerosols (PY), including sulfate, nitrate, chlorine, respectively. This indicates that biogenic emissions were not

ammonium ar_ld OA. Che_mlcal cor_nposmon_s of PMer_e .__important at the Changdao site during the campaign. The
reported at a time resolution of 4 min. A detailed description |\~ centrations of biogenic species are not surprising,

of the AMS system setup and data processing are shown in 8ince the measurement period was not the growing season
separate paper (Hu et al., 2013).

Photolvsis f . d ined f inic f of plants.
otolysis frequencies were determined from actinic flux To investigate the influence of the Changdao site from re-

spectra reco_rded by a multi-channel s_pectro_meter (Mcsbional transport, back trajectories of the Changdao site dur-
with photodiode array (PDA) (CarIZelss_ Mlcrolmagmg ing the campaign are performed each hour (Fig. S2) using
meH). CO was measured by a commercial n.on-d|sper5|v<ihe HYbrid Single Particle Lagrangian Integrated Trajectory

infrared sensor (NDIR) based on the gas filter correla- iy gp) |1y (Draxler and Rolph, 2003). Cluster analysis to

tion method (Thermo Environmental Instruments, TI.EI Inp., the back trajectories is conducted and a five-cluster solution
Model 48C). NO and N@were measured by a chemilumi- is selected as the optimum solution (Fig. 1a), according to the
nescence trace level analyzer (Ecqtech Model 9841). OZOnfaelative changes of total spatial variance. Clusters #2 and #3
was measured by an UV adsorption ozone analyzer (TEIt:oming from the south and west are found to be the predom-

Model 49C). Temperature, relative humidity, wind speed andinant back trajectory cluster during the campaign, account-

wind direction were measured by an automatic meteorologhIng for 60 % of the measurement period in total. Clusters #2

cal station (500 m away from the Changdao site) operated b%md #3 mainly received outflows from Tianjin, the eastern

Bureau of Meteorology of Changdao County. part of Hebei and most of Shandong, the regions with high-
density emissions. The mean concentrations of CO in the two

The interferences of ethyl acetate to acetic acichat 61
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Table 1. Mixing ratios and derived emission ratios of various NMHCs to CO during the period 2—-25 April 2011 at Changdao (aver-
age+ standard deviation).

Specie$ Mixing ratios, Emission ratios Species Mixing ratios, Emission ratios
ppb ppb pprTt CO ppb ppb ppm* CO
Ethane 4.0&2.05 7.73:0.64 Benzene 0.920.63 2.314+0.08
Ethene 1.7%1.46 5.28:0.19 n-heptane 0.0¥0.06 0.23+0.02
Propane 1.78&1.45 4.54+0.46 Methylcyclohexane 0.660.06 0.2+ 0.02
Propene 0.36:0.28 1.35+-0.08 2,3,4-TMpentane 0.080.00 0.014-0.00
i-butane 0.51%0.43 1.22+0.10 2-methylheptane 0.620.02 0.06+0.00
n-butane 0.86:-0.92 2.50+0.29 3-methylheptane 0.840.01 0.03+:0.00
Acetylene 1.85:1.28 4.56+0.20 Toluene 0.59-0.48 1.85+0.10
t-2-butene 0.0 0.03 0.05£0.01 n-Octane 0.040.03 0.11+0.01
1-butene 0.14-0.14 0.39:0.03 Ethylbenzene 0.150.13 0.56+0.03
i-butene 0.74£0.19 1.00£0.10 m+p-xylene 0.120.21 1.3+ 0.07
c-2-butene 0.03:0.02 0.0A40.01 n-Nonane 0.020.01 0.040.00
i-pentane 0.520.43 1.45+£0.11 o-xylene 0.040.06 0.340.02
n-pentane 0.360.34 0.99+0.09 Styrene 0.020.03 0.040.01
1,3-butadiene 0.020.02 0.16+0.01 i-propylbenzene 0.G£0.00 0.01+0.00
1-pentene 0.010.01 0.05+0.00 n-propylbenzene 0.840.01 0.03+:0.00
trans-2-pentene 0.000.00 0.00£0.00 m-ethyltoluene 0.020.02 0.08£0.01
Isoprene 0.0%0.01 0.02:0.00 p-ethyltoluene 0.0+£0.01 0.04+0.00
cis-2-pentene 0.0 0.00 0.00+0.00 n-decane 0.620.01 0.06+0.00
2,2-dimethylbutane  0.0£0.01 0.02:0.00 1,3,5-TMB 0.01%0.01 0.04+0.00
2,3-dimethylbutane  0.08 0.04 0.06+0.01 o-ethyltoluene 0.0£0.01 0.04+0.00
2-methylpentane 0.140.11 0.39:0.03 1,2,4-TMB 0.03£0.02 0.13:0.01
Cyclopentane 0.04 0.04 0.12+0.01 1,2,3-TMB 0.01%0.01 0.05+0.00
3-methylpentane 0.020.08 0.29+0.02 Acetonitrile (m42) 0.2+ 0.12 0.50+ 0.02
1-hexene 0.040.03 0.09:0.01 Benzene (m79) 0.550.36 1.45+0.05
n-hexane 0.1%£0.16 0.53:0.04 Toluene (m93) 0.5 0.51 2.05£0.12
2,4-DMpentane 0.020.01 0.04+0.00 Styrene (m105) 0.660.04 0.08+0.01
Methylcyclopentane  0.0& 0.08 0.29+-0.02 C8-aromatics (m107) 0.420.39 2.34:0.13
2-methylhexane 0.030.03 0.10+0.01 C9-aromatics (m121) 0.140.10 0.50+0.03
Cyclohexane 0.06:0.08 0.19+0.02 Naphthalene (m129) 0.690.08 0.34+0.02
2,3-dimethylpentane  0.G20.02 0.06+0.01 C1l0-aromatics (m135) 0.870.06 0.30+0.02
3-methylhexane 0.0£0.03 0.14+0.01 Monoterpenes (m137)  0.870.06 0.13:0.02

2,2,4-TMpentane 0.0 0.00 0.0G£0.00

* DM and TM indicate dimethyl- and trimethyl-, respectively. TMB is short for trimethylbenzene.

clusters were respectively 0.61 ppm and 0.53 ppm, highestlicate that the Changdao site mainly received emissions from
among the clusters. Clusters #4 and #5 came from the norththe following provinces/municipalities: Shangdong, Hebei,
eastern part of China and showed lowest CO mean concerBeijing, Tianjin and Liaoning. Thus, the Changdao site rep-
trations. The periods in cluster #4 and cluster #5 were usuallyesents a receptor site of the regions surrounding the Bohai
accompanied with low temperature and the invasion of a coldSea during the measurement period.

front (Fig. S3). The low CO concentrations in clusters #4 and

#5 are due to the combinations of these facts: (1) higherwinds 2 The relative importance of VOC oxidation

speeds facilitate dilution in the atmosphere, as indicated by pathways

the wind rose plot in Fig. 1b; (2) lower burden of emissions

in northeastern China; (3) longer distance of transport fromVOCS are mainly consumed by the reactions with OH radi-
emission sources to the measurement site. Cluster #1 traveletc(ijﬂ ozone and N@radical in the atmosphere (Atkinson and

from the northwest and passed over Beijing, Tianjin and Sur'Arey, 2003). The VOC loss ratd.{oc) in the atmosphere
rounding areas, resulting in a relatively high CO mean con-.gn'he expressed by

centration (0.51 ppm). Wind-dependent analysis of benzene
and CO concentrations is also shown (Fig. 1¢), and the results

are generally consistent with the back trajectory analysis. _ .
The findings from back trajectory and wind analysis both in- Lvoc= Xl_:kx [VOC] x[Oxidant. (1)

Atmos. Chem. Phys., 13, 8818832 2013 www.atmos-chem-phys.net/13/8815/2013/
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Table 2. The parameters describing OVOC concentrations at Changdao.

Species Mlxmg ratios, EB\/OC ERprecursor kOVOC kprecursor BaCkgrOUnd
ppb ppbppmt CO 1012 cm® molec s ppt
Acetaldehyde 0.63 0.44 1.20£0.84 8.33 15 3.49 4F 25
Propanal 0.2%40.13 0.25+0.05 1.98 20 6.22 1026
n-Butanal 0.1 0.04 0.13:0.02 5.72 24 0.53 5%3
n-Pentanal 0.040.02 0.04:0.01 0.73 28 1.85 2E1
Acrolein 0.09+0.06 0.15:0.03 0.31 18.3 22.16 283
Acetone 1.85:0.92 1.540.37 4.65 0.17 5.75 78056
MEK 0.35+0.22 0.4H0.08 2.73 1.22 1.78 96 14
2-pentanone 0.020.02 0.02:0.01 0.29 4.4 2.37 51
3-pentanone 0.0&0.02 0.01+£0.01 1.52 2 0.39 121
Methanol 5.6A44.80 16.0:0.67 O 0.94 () 1564290
Formic acid 2.28:1.02 1.06:-0.44 5.44 0.4 7.58 121965
Acetic acid 0.7#0.76 1.24+0.32 2.64 0.8 7.54 @ 0*

* The values are found to be negative. The parameter was set to zero and fit was repeated.

[VOC] and[Oxidan{ are mixing ratios of VOC species and NOz with NO (kno+no,; [NO]) and the reactions of N§with
the oxidants (OH radical, ozone or NQ@adical), respec- the measured VOC species (knos+voc, [VOCI;). The in-
tively. k is the rate constant of VOC species with the oxidants . i N
(see Table S1). Since some OVOC species can also under V(S)|V€d reactions, related parameters and uncertainties in the
photolysis in the atmosphere, photolysis frequencies are alsﬂlalculatlon of N@ concentration are described in detail in
incorporated in Eq. (1) for these OVOC species. e Supplement. Note that NGoss due to MOs hydroly-

OH radical and N@ radical were not measured at Chang- i;éilg?égc;rcgrl:lnéed 8; 'Qrg‘t (3; r-ll]rr]r:ﬁs Erﬁsr?[ﬁinéﬁ(t:ﬁlg?ion
dao. OH radical concentration (in molecule Tih can be 9. PP

estimated from the parameterization method suggested bgf gﬁ?ﬂ;‘??};ﬁ;&'g:: Lof xgg Ilgzie;zsg?eoroe;ﬁztlrrgggi%ns
Ehhalt and Rohrer (2000):

with different oxidants are shown in Fig. S5. Reaction with

[OH] = 4.1x10°x (Jo10) *#x (Jno2) 1 (2)  OH radical is the dominant photochemical loss for alkanes
140x [NO2] +1 and aromatics (e.g. m+p-xylene). Reactions withzNad
X 0.41x [NO2]?+1.7x [NOy] +1’ ozone are insignificant for the loss rates of alkanes and aro-

matics. Since ozone can react with alkenes at significant
rates, oxidation by ozone also contributes to the loss rates
of alkenes. For example, reaction with ozone accounts for
21.2 % of the 24 h averaged loss rate of ethene in Changdao.

gbltalns d d frqm Eea;lgirggné'\ld ata W'th. ;\Iﬁbtn centraflorls ._In contrast to anthropogenic hydrocarbons, the oxidation by
Ppb dufing the campaign at a fural sit€ o ragical is more important for the loss rates of isoprene

Germany. The uncertainty of Eq. (2) to estimate OH concen-

trati t Chanadao i K Calculati f OH and monoterpenes. Reaction with p@dical contributes to
ration at -hangdao 1S unknown. taiculation o CONCeN->5 796 and 63.2 % of the 24 h averaged loss rates of isoprene
trations using Eqg. (2) at a suburban site (Yufa) near Beijing,

. TR . . %nd monoterpenes, respectively. For most OVOC species, re-
site W'th similar ranges of air compositions as Changdao (Se%ction with OH radical is also the only significant contributor
values in Table_ 2. of Ll.J et aI.,02013, Table 1 and Table S2)’to OVOC loss rates in the Changdao campaign. Compared to
shows uncertainties within 50 % (Zher_1g etal., 2011). OH oxidation, photolysis is only important to the loss rates
NGs concentration could be determined by of ketones (e.g. acetone and MEK). Photolysis accounts for

Here, Jo1p and Jyo2 are measured photolysis frequency
(s™1) of ozone and NG, respectively[NO,] is measured
NO, concentration (ppb). The values in the equation are

[NOg] 3) 44 % of the 24 h averaged loss rate of acetone.
P(NO3) kNO,+05 [NO2] [ O3] The total loss rates of anthropogenic and biogenic hydro-
TR(NO3)  Inog-Hknotnos INOI £ 3 knoasvoc [VOC], - carbons are calculated from individual species, and the di-
i

urnal variations of the total loss rates for the two classes of
species are shown in Fig. 2. Oxidation by OH radical ac-
state assumption of N§concentration in the atmosphere. counts for_69.3% of the 24 h averaged total [os; rate of an-
P(NOs) is the production rate of N§ mainly from the re- throppgenlq hydrocarpons, whereas the contribution from the
action of NG with Os. R(NOs) represents N@reactivity, reactions with N@ radical and ozone are 27.3% and 3.3 %,

which is composed by N§photolysis (o,), the reaction of respectively. Reaction with Nfradical is the dominant

The derivation of this equation is based on the steady

www.atmos-chem-phys.net/13/8815/2013/ Atmos. Chem. Phys., 13, 8&B32 2013
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contributor to loss rates of biogenic species (59.2 %). Reac- . x x vy N o L _
tion with OH radical only accounts for 22.0 % of the loss rate ~ '*"|[Anthropogenic vocs] |77 51 ' [\

0.12

. ) ) . i o4 7\ eyt
of biogenic species. It should be emphasized that the estimaz 7 miabill
tion may overestimate NgXxontributions to biogenic species

Loss rate, ppb/h
(=] (=]
> o
1 1
—
g
T
Loss rate, ppb/h
3

. 0.08- A\ L

due to the uncertainties in calculation of hl€bncentrations. 044 / L VAV
0.2 / \ L 0047 \ Z/X// T
3.3 VOC evolution by using a parameterization method 00-osasaBarerer Ve ] 000 b J TN i

24 0 6 12 18 24
VOC evolutions in the atmosphere were characterized by
a photochemical-age-based parameterization method. Th
first-order reaction relationship for VOCs reacting with OH
radical was used to constrain the measured concentration:
of NMHCs and OVOCs. This parameterization method has
been applied in the northeastern US (de Gouw et al., 2005)
and in Beijing (Yuan et al., 2012). There are several underly-rig. 2. Diurnal variations of loss rates of anthropogenic (A) and bio-
ing assumptions in the parameterization method to describgenic (B) VOCs from reactions with OH radical, N®@adical and
VOC evolution at Changdao (de Gouw et al., 2005): (1) ur-ozone. The fractions in 24 h averaged loss rates of anthropogenic
ban emissions are the dominant sources of VOCs sampled &€) and biogenic (D) VOCs consumed by the three different oxi-
the Changdao site; (2) the speciation of VOC emissions werglants.

the same in different parts of the influencing regions, and

the magnitude of emissions is proportional to CO; (3) the re- L . I _ .
culation in the equations. The initial emission ratio of m+p-

moval of VOCs is mainly due to the reaction with OH; and .
g&/lene to ethylbenzene was calculated from the ratios of the

(4) the photochemical age can be described by the measur : ith the hiah !
ratio between two VOC species (m+p-xylene and ethylben—two species with the highest measurement concentrations, as

zene in this study). Considering that concentrations of bio-SnOWN in Fig. S6. The determined initial emission ratio of

genic species were low during the campaign (Sect. 3.1) an&n+p-xylene to ethylbenz_ene s 2_‘2 ppb ppbwhich i.S close .
to the largest concentrations ratios measured during the time

the influences from biomass burning and local coal burning™ " ; ’ ) X
were filtered out (Sect. 2), the only dominant VOC source is_perIOd 0:00-6:00 LT during the Changdao campaign. The

urban emissions (assumption 1). Note that urban emission@itial emission ratio is also comparable to the ratios in vari-
here include all of the activities that are considered as VOCOUS SOUrce profiles of China (Liu etal., 2008) and the studies

emitters in/near urban areas; e.g. vehicle exhausts, domest}g Beijing (2.0) (Shao et al,, 2011). Using an alternative ra-

usage of fossil fuel and industry emissions adjoin to urban ar—,tlo (0-xylene/ethylhenzene) to calculate photochemical age

eas. Measurement in central eastern China showed that VO ?_Iﬁo tested (Sfe Ipllowmgfdscussmrt\ﬁ). hvd b
concentration profiles are similar at several sites (Suthawareﬁ\”v”_?C concer;radlons 'bod bnor;]-mfe ”an_e ydrocar %ns
et al., 2010, 2012), suggesting that the first part of assump §) can be described by the following equation (de

tion (2) is reasonable. The analysis in Sect. 3.2 shows that as(_;ouw etal., 2005):

59.2%

sumption (3) holds true at the Changdao site. The assumptio MHC] =ER x ([CO] —[COlpq) (5)
(4) and the second part of assumption (2) will be investigate K ko) [OH Ag
using alternative parameters in the following discussions. x exp=(knmrc —keo) [ORIA].

Photochgmicall agar was calculated from the measured Here, [NMHC] and [CO] are the concentrations of NMHCs
concentration ratios of m+p-xylene to ethylbenzene: and CO, respectivelyCO] is the CO background concen-
[X] [X] tration, which is determined from the intercept in the scatter-
:m x(In m|t=0_ In m)~ (4) plot of CQ with ben;ene (0.104 ppm, and 0.1 ppm is used in
the following analysis)knvHc andkco are the OH rate con-
Here, %} and {%}h:o are the concentration ratios and ini- stant of NMHC and CO (0.24 10~ *2cm® molecule1s™1),
tial emission ratios of m+p-xylene and ethylbenzene, re-respectively. [OH] and\r are the OH radical concentrations
spectively.k, and kg are the OH rate constants of m+p- and determined photochemical age. ER is the emission ra-
xylene (18.9< 10~ 12 cm® molecule 1 s71) and ethylbenzene tio of NMHCs to CO. Following the procedures in previous
(7.0x 10~ 2cm® molecule 1 s1). [OH] is the averaged OH  studies (de Gouw et al., 2005), all of the parameters in Eq. (5)
radical concentrations (0.2210° molecule cnt®) calcu- are known except ER andyvHc, which are obtained from
lated in from the empirical equation (Ehhalt and Rohrer, fits to Eq. (5) to each VOC species.
2000) (Sect. 3.2). It should be noted that the uncertainty in The determined emission ratios of various NMHC species
the calculation of [OH] concentration from Eq. (2) will not to CO are tabulated in Table 1. The uncertainties in calcu-
affect the following VOC analysis, since the product of [OH] lating NMHC emission ratios from Eq. (5) come from mea-
andAr (usually called OH exposure) is only required for cal- surement errors of VOCs species and CO, and also from the

At
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estimation of photochemical age, CO background and the
representativeness of CO as an urban tracer of VOCs. Sey- _
eral tests are conducted to investigate the influence of th OVOC] =ERovocx ([CO-0.1) ©)
uncertainties in calculated emission ratios, including using* XP(— (kovoc—kco) [OH] At) +ERprecursor

the o-xylene/ ethylbenzene ratio (O /E) rather than the m+p- [COl—0.1 kprecursor

xyelne/ ethylbenlzene rart]io ()r(]/ E) C;coo estirrr]]ate Ehotochemica}lx ( —0hx kovoc—kprecursor

age, using acetylene rather than as the urban tracer, using, -, OHI Af) — exp(—k OHI A

higher and lower CO background concentrations (0.07 ppmx Xp(—hprecursol OH] A1) — eXp(—kovoc[OH] A1)

and 0.13ppm). The results from these tests are shown in exp(—kcolOH] Az
Fig. S7 (B-D). The relative changes of using different CO +[bg].

background concentrations-§ % to 6%) and using acety- Here, [OVOC] and [CQ] are concentrations of OVOCs and
lene as urban tracer (about 13 %) are relative small, where 0. kovoe, kco andkorecursorare the OH rate constants of
the relative changes between using O/E and X/E ratiosOVOC’ CO and OVO(g precursors, respectivelydeBc and

to calc.ulate phqtochemical age range fre*ﬁl?/o to 57% Rorecursorare emission ratios of OVOC and OVOC precur-
for various species (90 % of the species are in the range oEor to CO, respectively. The contributions of biogenic emis-

£30%). Adding up the measurement errors (10 %), the UN%Sions to OVOCs were neglected in this study, since the con-

certainties of the calculated emission ratios are better tha'&entrations of isoprene, MVK and MACR were quite low

500{‘1) for rlnoTt VSC spegies. ios f db during the campaign (< 0.1 ppb). Unrealistic results were ob-
pa-:ede\?vziir?l:[lhac:ie zir:]elzifll)(/)?rgarﬁ?;erﬁrr:qegﬁégzgsosﬁon riectcr)wr(?c_itamed from the fits if biogenic sources were included in
Eq. (6). The parameters of E k nd
without the consideration of chemical losses (Warneke et al'[bqg](irz Eq (g) are unknow%ﬁgrgz f tf?g;eglrréoa e%rgf;;?gr:d trom
200h7)a as ST)OWH n Fig. Sﬁ'bThOUQh imlssmn ra;uods of N least squares fits. Table 2 tabulates the parameters that de-
ert hydrocarbons agree well between the two methods, emisyqjpe yoC concentrations in the Changdao campaign. Ta-
sion ratios of highly re.a.ctlve Species are significantly l‘,mder'ble 3 shows the correlation coefficients between measured
estimated by the traditional correlation method (as high 3%VOC concentrations and calculated values using fitted un-
0 . )
70%). The derivednmrc values compared well with those parameters in Eq. (6). Correlation coefficients of var-
from the literature for the species with lowkgunc values ious OVOCs are in the range of 0.70-0.88

than m+p-xylene (Fig. S6), consistent with the observations The source apportionment results of OVOCs are also

durin_g NEﬁ‘QkS (de Grc])uw etal., 2005). h shown in Table 3. Previous studies have proposed that the
It is WETl known that PTR-MS measure _t € Sum Con- yigfarent times of photochemical aging in the atmosphere
centrations of C8-, C9- and C10-aromatics in their specificg,, 14 he considered when OVOC allocation results are

channels. The measured concentrations of C8-, C9 and Cl%ompared in different campaigns. The average OH expo-
aromatics are also fitted using Eq. (50), even though Eq. (5)sure at Changdao is 6412.7 molecule cmd3s, suggesting

IbS mtianded t.o dlesc;]rlbéa the e,VOE'téOSn of a S|.ngle h_y droc"’lr'that air masses are more aged than those at the urban site
on. Interestingly, the determine -aromatics emission ra, Beijing (Yuan et al., 2012), but less processed than those

. . l . .
tio is 2.344 0.13 ppb ppm~, which agrees well with the sum in the NEAQS 2002 study (de Gouw et al., 2005). The ra-

of Ithe emission ;a;[ios of ethylb/enzene, m+pl;xylene ﬁnd O%io of anthropogenic secondary fraction to primary fraction
xylene measured from GC-MS/FID (2.24 ppb ppih The in acetaldehyde concentrations in the campaigns of Beijing,

good agreement, at least partia_lly, suggests that the sum CO'?fhangdao and the northeastern US are 0.6, 1.8 and 5.7, re-
centration of several VOC species me_asured by PTR-MS Ca(%lgectively. We can observe that aged air mass corresponds
also b; lsted tq as;esr? tr;ellcoqtrlbLé§|on of'these compoltlm th higher ratio of secondary fraction to primary fraction.

;O Sr? ormation in tl_e_ IO owing I(SjCkl)JSSIOI’IS, e/spema Y It is consistent with expected behavior of a highly reactive
or the species not explicitly measured by GC-MS/FID (e.g. aldehyde in the atmosphere: primary emissions are quickly

ClO—aromanc_s). . , depleted by photochemistry and secondary formation starts
Concentrations of OVOCs can be separated into primary . yominate the concentration

emissions, secondary formation and background concentra-
tions, as shown in the following equation (de Gouw et al.,3.4 Comparison of VOC emission ratios with other
2005): regions and emission inventory data

Emission ratios of VOCs to CO represent emission charac-
teristics of VOCs in a specific region, specifically the regions
surrounding Bohai Sea (Shandong, Hebei, Beijing, Tianjin
and Liaoning) in this study. The calculated emission ratios in
Sect. 3.3 should be viewed as the average emission charac-
teristics from regional urban sources in the spring. Yuan et
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Table 3. Correlation coefficients K) between calculated and

measured OVOC concentrations and the contributions of various o 'O’AM'M_ F o 3
sources to OVOC concentrations. g Jromaties . g
s 13 Es 3
Species R Primary  Secondary Background, g g
emission, %  formation, % % 2o1 L P L
Acetaldehyde  0.88 33.1 59.4 75 z z
Propanal 0.83 12.8 46.4 40.7 oot - . : 2o -
n-Butanal 0.78 13.9 32.6 53.5 0.01 o 10 0.01 0.1 1 10
n-Pentanal 0.70 8.6 20.4 61.0 SRaSESUE pehbnn €8
Acrolein 0.80 24.9 49.3 25.9 104 104
Acetone 0.80 32.0 27.0 41.0 3 3
MEK 0.80 46.9 28.2 24.9 £ £
2-pentanone  0.81 23.7 53.5 22.8 2 19 2 13
3-pentanone  0.74 15.0 43.0 42.0 g g
Methanol 0.79 97.4 0 2.6 2o1 2o+
Formic acid 0.78 17.2 31.3 515 5 5
Aceticacid  0.74 57.3 42.7 0
£0.01 - £0.01 7 . . .
0.01 0.1 1 10 0.01 0.1 1 10
ERs in Mexico City, ppb/ppm CO ERs in Tokyo, ppb/ppm CO

f”ll' (20_12_) reported emission ratios of VOCs in Beijing usf Fig. 3. Comparison of emission ratios of NMHCs to CO determined
ing a similar method based on measurement at an urban sitgs changdao with those obtained in Beijing (Yuan et al., 2012), the
Thus, comparison between emission ratios determined in thortheastern US (Warneke et al., 2007), Mexico City (Bon et al.,
two studies (Fig. 3) will be helpful in understanding the sea-2011) and Tokyo (Shirai et al., 2007). The black lines indicate the 1
sonal variations of source emissions. Reported emission rat relationship, and the gray areas show agreements within a factor
tios of other regions in the literature are also interesting toof two.
compare with the results obtained in this study. The available
datasets (accessed in December 2012) are the northeastern
US (Warneke et al., 2007), Mexico City (Bon et al., 2011) along with the results in other studies. Emission ratios from
and Tokyo (Shirai et al., 2007). Note that emission ratios intunnel experiments (Ban-Weiss et al., 2008; Kristensson et
the northeastern US are determined using the photochemicahl., 2004) are also shown in the shaded gray areas of the
age-based parameterization method, whereas the linear rgraphs. The two studies are selected for comparison, since
gression method was used in the datasets of Mexico City anthey reported emission factors of both carbonyls and CO.
Tokyo. Emission ratios of the four OVOC species obtained in Chang-
As shown in Fig. 3, emission ratios of alkanes and alkenesdao generally fall in the ranges of reported values from the
at Changdao are compared well with those in Beijing, several field campaigns in Beijing, the northeastern US and
whereas emission ratios of aromatics are significantly higheMexico City. However, some large discrepancies can be ob-
in Beijing. Difference of aromatics may be due to the higher served among the different campaigns. Emission ratios of
emissions from solvent use in the summer season during thpropanal in Changdao and Beijing are lower than those in the
Beijing campaign. In contrast to Beijing, emission ratios of US by a factor of 5-10. The large difference for propanal is
alkenes and aromatics are similar between Changdao and thenknown. It may be due to different emission sources of this
northeastern US, but emission ratios of alkanes are larger ispecies or controlling technologies in the sources between
the northeastern US. The results are consistent with the find€hina and the US. Another possible reason for this is the
ings from the comparisons between Beijing and the north-arge uncertainties in determining emission ratios of OVOCs
eastern US (Yuan et al., 2012). Though comparable emis{Warneke et al., 2007). Even though there are some discrep-
sion ratios for some hydrocarbons between Mexico City andancies among the field campaigns in different regions, emis-
Changdao are obtained, emission ratios for most hydrocarsion ratios of OVOCs from field campaigns are significantly
bons are larger in Mexico City, which may be attributable larger than those in vehicle emissions, as illustrated in Fig. 4.
to the combined effects of liquified petroleum gas (LPG) It indicates that other non-vehicle sources may be important
emissions, industrial emissions and combustion efficienciegontributors to OVOC emissions. These sources may include
of vehicle fleet (Bon et al., 2011; Apel et al., 2010). Higher painting application and cleaning products (Langford et al.,
emission ratios of toluene and C3—C4 alkanes are observed iB010; Velasco et al., 2005). Limited information about emis-
Tokyo than those in Changdao, mainly due to the emissionsions of OVOCs is available for these non-vehicle sources
from solvent use and LPG use (Parrish et al., 2009; Shirai e{Niedojadlo et al., 2007).
al., 2007), respectively. Furthermore, emission ratios from field campaigns could
Figure 4 shows emission ratios of acetaldehyde, propanalklso be compared with the values in emission inventory data,
acetone and MEK versus CO in the Changdao campaignvhich is an independent method to evaluate the accuracies of
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Fig. 4. Comparison of emission ratios of selected OVOC species in Changdao and those reported in Beijing (Yuan et al., 2012), the northeast-
ern US in 2002 and 2004 (Warneke et al., 2007) and Mexico City (Bon et al., 2011). Emission ratios determined from tunnel experiments,
including gasoline and diesel vehicle emissions in California (Ban-Weiss et al., 2008) and the results from a tunnel in Sweden (Kristensson
et al., 2004), are shown in the shaded gray areas of the graph.

R e 07 MR P — a factor of 2. In vigw Qf large uncertainties in the cqmpi—
£ o0 [promatiesl *-‘/;" - 24 TMPentaneg 278 | lation of the emission inventory data (stated uncertainty of
R e I O - widt total VOCs emissions in China is 68 % and uncertainties of
RN o [ g ] s " individual species would be higher), the results are unex-
5 T <o T £ 0 <. 0 pected. The high quality of individual NMHC emission in-
u‘i ”’4 i . e i E ‘“74 Naphthalene i ventories may be attributed to the application of local estab-
S S S lished VOC source profiles (Liu et al., 2008) in VOC speci-

O Rein Changdsoppoippm © =" Rein Changdso, pobippm ation of Zhang’s inventory. However, the emissions of some
H R ! c B hydrocgrbons are obviously ovgrestimated (e.g. ethene an.d
R AL 5; o C trans/cis-2-pentene and 2,2,4-trimethylpentane) or underesti-
£ o B R - . . mated (e.g. cyclopentane, 2-methylhexane and naphthalene)
_ o SO T | iq the emission inv.ent'ory. In coptra}st to hydrocarbqns, emi;—
: . P cthyfhoxans - | sions o_f O_VOQ emissions are significantly u_nde_restlmated in
s o | & .12 . | the_err_ussu_)n inventory. Failure of characte_nzatlon of ovoc
g L L T 2 L L T emissions in the inventory have also been inferred from field

10t 10° 107 10" 10 10! 10t 10% 107 10" 10" 10 .
ERs in Changdao, ppb/ppm ERs in Changdao, ppb/ppm measurements in the northeastern US (Warneke et al., 2007)

and flux measurements in urban areas (Langford et al., 2009,

F|g. 5. Comparisons of emission ratios O.f VOC.S to C.O determined 2010). The possible reason is the dominance of poorly known
in the Changdao campaign with those in emission inventory data

of the four surrounding provinces (Beijing, Hebei, Shandong andd'fms'On sources in the primary emissions of OVOCs, as dis-

Liaoning) (Zhang et al., 2009). The black lines indicate thet1 ~cussed above.

relationship, and the gray areas show agreements within a factor of

two. 3.5 Parameterization of organic aerosol (OA)
concentrations

VOC emission inventories. Figure 5 demonstrates the correTne measured concentrations of organic aerosol (OA) are

lations of VOC emission ratios to CO determined in Chang-gso separated into primary emissions, secondary formation

dao with those in the latest VOC emission inventory for the 5 background concentrations (de Gouw et al., 2005, 2008):
surrounding provinces (Beijing, Hebei, Liaoning and Shan-

dong) (Zhang et al., 2009). The selected emission inventory

established for INTEX-B is the most widely used inventory [OA] =ERoa x ([CO] —0.1) x exp(LoaAl)
for China (Zhang et al., 2009). Emissions of CO in this in- exp(—kco[OH] A7)
ventory have been examined by top-down approaches an Poa

good agreements were obtained (Zhang et al., 2009). Emis?ERprecurso'x Yoax (€O 0.1 Loa—Poa
sion ratios of most hydrocarbons in the Changdao campaign exp(—PoaAt) —exp(—LoaAt)

show agreements with those in the emission inventory within™ exp(—kco[OH] At) +Ibg.

@)
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In this equation, EBa and ERyecursorare emission ratios of 3.6  Contributions of VOC oxidations to SOA formation

OA and OA precursors to CQ.pa and Poa are the loss and

formation rates of OAYoa is the yield of SOA precursor Based on the evolution parameterization relationship of
to form OA. The other parameters are the same as those iffie VOCs/CO ratio with photochemical age, the ratio
the equation of OVOCs. The unknown parameters argfER  Of consumed concentration to CO (NMligensumed in
ERprecursor< Yoa, Loa, Poa and[bg]. Due to the coupling Mg m3 ppm1 CO) could be determined by this equation:
between the linear term and exponent terms in the equatio
the initial fits are rather unstable. To overcome this probleml,ﬁNMHC"’CO”S“mFERi x(1—exp(—ki,on[OH] A7)).  (9)
anumber of.oa values are set and fits are repeated for eachHere, ER is the emission ratios of NMHCs versus CO ex-
Loa value. After holdingLoa value, the fits are similar tothe  pressed in the unit of pg ™ ppm~1. Emission ratios in mass
calculation of OVOCsLon values (unit is it tried in this  unit are calculated from the emission ratios in volume unit

study were derived from the possible lifetime of OfA,  in Sect. 3.2. The ERvalues in the mass unit for selected
unitis day) in the atmosphere from this equation: hydrocarbons are tabulated in Tablekdo is the OH rate
1 constant of hydrocarbons determined from the fit of NMHCs.
0A= . (8)  Thus, SOA produced from VOC oxidation (S@f can be
T0AX24 . N
calculated by this equation:
The lifetime of OA is affected by many factors, including
size distribution, solubility of OA and also the mixing states SOAcalzzNMHCi»Consume% Yi. (10)

of OA with other components (Millet et al., 2004). The de- !
termined OA lifetimes in the atmosphere are in the range ofHere, ¥; is the SOA vyield of various hydrocarbons deter-
3-10 days (Millet et al., 2004; Koch, 2001). Thus, OA life- mined from chamber studies. Note that the unit of SA
times are changed from 1 day to 10 days with a step of halfis ug 3 ppm~1 CO, meaning SOA formation from VOC
day, and the correspondirigha values were calculated. As  oxidations at 1 ppm CO emissions.
OA lifetimes varied from 3 to 10 days, correspondind.tgn SOA yields of VOCs have been expressed using an em-
values from 0.042h! to 0.017 i1, the fitted results of the pirical relationship based on gas—particle partitioning of two
parameters are quite stable (Fig. S9). The values a§fER semi-volatile products (Odum et al., 1996):
fluctuated from 14.3 pgm? ppmit to 15.1 pg n3 pprm 1
and the background concentrations are in the range of 4'25?—M XZ: o Kom,i Y 22: i
4.28ugnT3. The allocated fractions of OA concentrations = ° 4~ 1+ MoKom;  ° Mo+c}
to the three parts also changed little with varyinga values l
(Fig. S10). The unstable values for aerosol lifetimes betweenVo is the mass of organic aerosal.andc; are the fitted re-
1-3 days may reflect these assumed aerosol lifetimes are toglts for the two-product relationship from chamber studies.
small compared to real conditions. c? is the effective saturation concentration of the oxidation
To represent the average results, we choose the fitted regproducts, andy; is the mass stoichiometric coefficients of
sults associated with an OA lifetime of 6 daysga value is  the product. SOA yield of VOCs can be affected by ambi-
0.00694 h1). The determined Ef, is 14.9 pg me ppmi 1, ent temperature, due to temperature dependencg. dhis
which is well in the range of POA/CO emission ratios re- temperature dependence of SOA yield is accounted for by
ported in the literature (de Gouw and Jimenez, 2009) and it ighe Clausius—Clapeyron equation (Dzepina et al., 2009).
quite close to the values obtained in Tokyo (Takegawa et al., Literature studies show that SOA yields of hydrocarbons
2006). The background concentration of OA is determined toheavily depend on NQlevels, mainly due to the competition
4.26 ug nr3. The time series of measured and calculated OAreactions of R@radical with NO and H@radical (Ng et al.,
concentrations using the fitted results are shown in Fig. 62007). SOA yields of most aromatics under low-NGbn-
Correlation coefficientk) between measured and calculated ditions are significantly higher than those under highgNO
OA concentrations is 0.794, which means that about 64 %onditions (Ng et al., 2007). The branching ratios of RO
of OA concentration variability is described by Eq. (7). The radical reactions with NO and HOadicals were used to ac-
fractions from primary emission and secondary formationcount for the NQ dependence of SOA formation (Bahreini et
are 38% and 29 %, respectively. OA/CO ratio increase toal., 2009; Henze et al., 2008). Preliminary results from a box
29.6 ug nr3 ppm! after 50 h of photochemical processing, model show that R@radicals are dominantly consumed by
with an enhancement of 18.8 pgAppm ! from secondary  NO, due to the large concentration of NO in the campaign. In
formation. Note that OA/CO from primary emissions has this study, we separately calculated SOA formed from VOC
decreased to 10.8 ug‘rﬁppm‘l after 50 h processing, due oxidation under low-N@ and high-NQ conditions, and the
to the consideration of OA lifetime (6 days). results represent the higher and lower limits of SOA for-
mation from VOC oxidations. Anthropogenic VOC species
that can contribute SOA formation in this study are aromat-
ics, >C8 alkanes and cycloalkanes, as tabulated in Table 4.

(11)

i
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Table 4. Emission ratios of various VOC species, the percentages of reacted VOCs after 50 h photochemical reactions, SOA yields and the
SOA masses formed after 50 h reactions.

Specied ERs, Reacted percent Yields \ SOA formed, pug m3ppn1 CO  Notes

pug n3ppm~1CcoO  at50h, % Low-N®@ High-NOK® | Low-NOy High-NOy
n-heptane 1.02 47.7 0.009 0.009 0.004 0.004 Lim and Ziemann (2009)
n-octane 0.56 52.5 0.041 0.041 0.012 0.011 Lim and Ziemann (2009)
n-nonane 0.42 59.8 0.080 0.08 0.020 0.020 Lim and Ziemann (2009)
n-decane 0.40 57.3 0.146 0.146 0.034 0.033 Lim and Ziemann (2009)
2,4-DMpentane 0.19 10.8 0.009 0.009 0.0002 0.0002 n-heptane value
2-methylhexane 0.43 38.4 0.009 0.009 0.001 0.001 n-heptane value
2,3-DMpentane 0.27 40.5 0.009 0.009 0.001 0.001 n-heptane value
3-methylhexane 0.63 29.1 0.009 0.009 0.002 0.001 n-heptane value
2,2,4-TMpentane 0.02 32.9 0.041 0.041 0.0003 0.0003 n-octane value
2,3,4-TMpentane 0.04 54.8 0.041 0.041 0.001 0.001 n-octane value
2-methylheptane 0.33 52.7 0.041 0.041 0.007 0.007 n-octane value
3-methylheptane 0.16 53.3 0.041 0.041 0.003 0.003 n-octane value
Cyclopentane 0.39 28.6 0.040 0.04 0.004 0.004 cyclohexane value
Methylcyclopentane  1.10 58.8 0.040 0.04 0.026 0.025 cyclohexane value
Cyclohexane 0.70 304 0.040 0.04 0.008 0.008 Lim and Ziemann (2009)
Methylcyclohexane  0.85 67.0 0.121 0.121 0.069 0.069 cycloheptane value
Benzene 8.04 11.6 0.37 0.263 0.347 0.247 Ng et al. (2007)
Toluene 7.60 39.2 0.30 0.12 0.894 0.359 Ng et al. (2007)
Ethylbenzene 2.66 56.1 0.36 0.072 0.536 0.107 m-xylene value
m+p-xylene 6.18 92.0 0.36 0.072 2.049 0.41 Ng et al. (2007)
o-xylene 1.75 85.9 0.36 0.072 0.542 0.108 m-xylene value
Styrene 0.34 68.3 0.36 0.072 0.084 0.016 m-xylene value
i-propylbenzene 0.06 55.9 0.36 0.072 0.013 0.003 m-xylene value
n-propylbenzene 0.17 51.4 0.36 0.072 0.032 0.006 m-xylene value
m-ethyltoluene 0.44 75.4 0.36 0.072 0.118 0.023 m-xylene value
p-ethyltoluene 0.24 68.7 0.36 0.072 0.056 0.011 m-xylene value
1,3,5-TMB 0.24 78.2 0.36 0.072 0.067 0.013 m-xylene value
o-ethyltoluene 0.21 58.2 0.36 0.072 0.044 0.008 m-xylene value
1,2,4-TMB 0.71 80.7 0.36 0.072 0.208 0.041 m-xylene value
1,2,3-TMB 0.24 75.2 0.36 0.072 0.066 0.013 m-xylene value
C10-aromatics 181 72.6 0.36 0.072 0.472 0.094 m-xylene value
Naphthalene 1.94 56.0 0.73 0.308 0.794 0.335 Chan et al. (2009)

a8 DM, TM and TMB indicate dimethyl-, trimethyl- and trimethylbenzene.
b calculated fromvg = 15ug m3 and7 = 10°C.

Chamber studies showed that SOA yields of aromatics undeganic aerosol mass and a negative dependence on temper-
high-NQy conditions can be described by the two-product ature, maximum of organic mass and minimum of tempera-
relationship, whereas SOA yields under low-Nédnditions  ture are also used to construct different scenarios for calculat-
are constant numbers, independent of organic aerosol massg SOA yields of aromatics under high-N©onditions. The
and temperature (Ng et al., 2007). Due to the lack of paramfour scenarios ar#fg = 15 pg nt3 and7 = 10°C; Mg = 50
eters in the two-product relationship and N@ependence ugnT3 and7 =0°C; My =15 pgnt3 andT =0°C; and
information for alkanes and cycloalkanes in the literature, Mo =50 pgnt3 and7T = 10°C, as shown in Table S3. The
SOA vyields of these compounds under both highgNd first scenario, calculated from averaged values, will be used
low-NOy conditions are directly adapted from Lim and Zie- for the comparison with low-NQconditions in the following
mann (2009). SOA yields of VOC species without reported discussion. The calculated SOA yields for selected aromatic
information in the literature are derived from species with species under high-NQCconditions are also tabulated in Ta-
similar molecular structures or carbon number (see details irble S3.
Table 4). The sixth and seventh columns of Table 4 show the SOA
Mass and temperature dependences of SOA yields are onlformed from each VOC species after 50 h transport under
considered for aromatics under high-N©@onditions. The  low-NOy and high-NQ conditions, respectively. Aromatics
average OA concentration during the Changdao campaigiare the dominant contributors to the SOA formation in the
was 14.5+ 8.8 ugm 3, and more than 99.8% of OA con- measured VOC species. Aromatics account for 97.5% and
centrations were less than 50 ug(Fig. S11). The aver- 91.9% of the total SOA formation from measured VOCs
age temperature during the campaign wast938°C, with under low-NQ and high-NQ conditions, respectively. The
a maximum and minimum of 1°C and 21.7C, respec- main SOA precursors are benzene, toluene, m+p-xylene, o-
tively. Since SOA vyield has a positive dependence on or-xylene, ethylbenzene and naphthalene. Figure 7 shows the
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correlation of SOA calculated from VOC oxidations and
SOA determined from AMS measurements under both high-
NOy and low-NQ, conditions. SOA formation determined
from VOC oxidation after 50 h are 2.0 pgrhppm* and

6.5 ug nT3 ppm—t under high-NQ and low-NQ, conditions,
respectively. It is obvious that SOA formed in the atmosphere
cannot be fully explained by VOC oxidation. The explained
percentages of SOA from VOC oxidation were in the range
of 34.6-50.9 % under low-NQconditions. The explained
percentages were even lower in all of the four scenarios un-

OA, pg/m3

20

T S I S S S S RN S S ST S S T S

M Seccondary

M Primary

m Background
—O— Measured

0% _LLL_
4/16/2011

——— ——— ——
4/6/2011 4/11/2011 4/21/2011

der high-NQ conditions. VOC oxidation can explain 10.6— Fig. 6. Time series of measured and calculated concentrations of
13.9% of SOA formation, if aromatic yields are calculated organic aerosol during the Changdao campaign.

from the average OA concentration (15 pgtnhand temper-
ature (10°C) under high-NQ conditions. Applying higher

OA concentration (50 ug i?) and lower temperature ()

as inputs of SOA yields elevates the explained percentages
of SOA t0 16.9-21.5%.

4 Discussions

4.1 Possible reasons for the discrepancies of measured
and calculated SOA

The above results show that VOC oxidation cannot explain
SOA formation during the Changdao campaign. As far as we
know, our study is the first one to explore the contribution

of VOC oxidation to SOA formation based on ambient mea- 3.

surements in China. Our results are consistent with previous
studies in other parts of the world (de Gouw et al., 2008;
Heald et al., 2005; Matsui et al., 2009; Volkamer et al., 2006).
The possible reasons for the large discrepancies between pre-
dicted SOA and measured SOA could be the following:

1. In the above calculation, the contributions from bio-
genic VOCs to SOA are neglected. As shown in
Sect. 3.1, the concentration of biogenic species, in-
cluding isoprene, MVK, MACR and monoterpenes,
were low during the Changdao campaign. The av-
erage concentrations of isoprene, MVK and MACR
were 7 ppt, 18 ppt and 35 ppt, respectively. Using the
method shown in Capes et al. (2009), SOA from bio-
genic VOCs would be less than 0.1 ugfawhich was
a minor contributor to the SOA measured from AMS
(average 4.2ugm?). A previous WRF-Chem study
showed that SOA formation from biogenic VOCs was
only 10-20% of that from anthropogenic VOCs in
winter and spring of Shandong Province (Jiang et
al., 2012), where the sampling site was located. Even
though SOA formation from biogenic VOCs can be en-
hanced by anthropogenic emissions (Goldstein et al.,
2009), biogenic emissions should not be a significant
contributor to SOA formation at Changdao.

2. The uptake of glyoxal and methyl glyoxal by aqueous
aerosol may be a significant source of SOA in the at-

Atmos. Chem. Phys., 13, 8818832 2013

mosphere (Fu et al., 2008). A previous study showed
that glyoxal can contribute at least 15 % of SOA for-
mation in Mexico City (Volkamer et al., 2007), but
glyoxal only accounted for negligible SOA formation
in Los Angeles (0—4 %) (Washenfelder et al., 2011).
Fog events associated with high RH (Fig. S3), favor-
ing glyoxal uptake to aerosol, were encountered in the
last few days of the campaign (i.e. 21-22 April). Thus,
glyoxal could be a significant source of SOA forma-
tion during the Changdao campaign. Since glyoxal was
not measured at Changdao, the determination of SOA
from glyoxal is not possible in this paper.

Both laboratory and model evidence showed that semi-
volatile organic compounds (SVOCs) are important
precursors of SOA in the atmosphere (Robinson et al.,
2007; Dzepina et al., 2009). Field measurements con-
firmed that C14—C16 SVOCs are important SOA pre-
cursors in the plumes of an oil spill (de Gouw et al.,
2011). VOC species measured by online GC-MS/FID
and PTR-MS in this study range from 1 to 10 car-
bon atoms, which is only a subset of organic com-
pounds existing in the atmosphere (Goldstein and Gal-
bally, 2007). Recently, SOA yields of some SVOCs,
especially higher alkanes (more than 10 carbon atoms,
e.g. >C10) (Lim and Ziemann, 2005; Lim and Zie-
mann, 2009; Presto et al., 2010) and polycyclic aro-
matic hydrocarbons (PAHs) (Chan et al., 2009; Shakya
and Griffin, 2010) have been simulated in the cham-
ber studies. Measurements of SVOCs, difficult in the
ambient atmosphere, have been a major hurdle in the
studies of SOA formation from SVOCs. Limited am-
bient data of gaseous SVOC concentrations are re-
ported in the literature. The contributions of SOA for-
mation from some SVOC species are further explored
in Sect. 4.2.

www.atmos-chem-phys.net/13/8815/2013/
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High-NOX yield of specieg, and the values are adapted from the previ-
—— OM=I5 pg/m': T=273K - OM=15 pg/mj T=283K ous study (Chan et al., 2009).
—— OM=50pg/m T=273K - OM=50 pg/m” T=283 K The amount of SOA formed from different SVOCs at
s i~ 1 ©.,% A  Changdao could be scaled from the determined SOA from
£ 37 £ | naphthalene (SO#yp) at Changdao (Eqg. 10) and the calcu-
g“ £ . | lated A M for species (AMg,;) and AMg for naphthalene
32“ g 3] i (AMonNap) in Eq. (12). The equation is shown as
(@) (7]
: 14 g 24 r AMo ;
e 5] . SOA=— 2" «SOAap (13)
3, 5 0 | AMo,Nap
S5 w0 s . A Figure 8 compares the calculated SOA contributions from
SOA, pg/m’/ppm CO SOA, pg/m’/ppm CO 9 p

PAHs and higher n-alkanes with those from measured VOCs
Fig. 7. Correlation of SOA calculated from VOC oxidations and under both high-NQ (Mo =15 pgnt> and 7 = 10°C)
SOA determined from AMS measurements under high-NOx (left) and low-NQ, conditions. Note that naphthalene is not in-
and low-NOXx conditions (right). cluded in the category of PAHs in Fig. 8, since naph-
thalene is regarded as a measured VOC species in this
study. SOA formation from PAH oxidations under high-
NOx conditions calculated using emissions of diesel vehi-
cles, coal burning and biomass burning is 1.8 g ppnm 1

3 —1 3 —1 )
Emission factors of SVOCs from important sources could beg?a,ctli\-/ilug gTO prrrrc])m (riiohaerr]dn?éllkggerz g)?ir;]atiocr:loa{rtraeonl
used to evaluate the roles of SVOCs in SOA formation (Chan P Y. g y

et al., 2009). This method is followed to calculate the contri- calcu'lgted from. @esel vehicle e_rrlnssmns under high:NO
. . . conditions, and it is 1.5 pg ¥ ppmi~* CO. Recall that VOC

bution of PAHs and higher n-alkanes to SOA formation at __. =~ . . 1

Changdao oxidations contribute 2.0 ugni ppm~1 CO to SOA forma-

Coal burning, biomass burning, coke industry and vehicletlon under high-NQ conditions. PAHS and higher n-alkanes

0, _
emissions are the main sources of PAH emissions in Chinat\Ota”y account for up to 17.4% of the measured SOA for

. 3 1 i
(Xu et al., 2005). No related information about the sources ofma.tlon (18.8 ugm-ppm = CO) qt Changdao. The contrl
: ) S . . bution of PAHs to SOA formation is even higher using
higher n-alkanes in China is reported in the literature. Con-

sidering the availability of emission factors of gaseous PAHs!OW'NOX yields. SOA formation from PAHs calculated us-

. o ) : ing emissions of diesel vehicle under low-N@onditions is
and higher n-alkanes, emissions from diesel vehicles, co

3 —1 0
burning and biomass burning are considered in this study. 01gmppm" CO (16.1% of the measured SOA).

o ) . The results show that PAHs and higher alkanes con-
Emission factors of PAHs and higher n-alkanes for diesel, . R .

. o .~ tributed significantly to SOA formation at Changdao. How-
vehicle emissions are from Schauer et al. (1999). Emission

factors of PAHs in emissions of coal burning (Table S4) areveh Ul study only evaluates two types of SVOCs (PAHSs

derived from Shen et al. (2010), and emission factors forarld higher n-alkanes). Other SVOC species, such as long-

. . chain branched alkanes, C9—C20 substituted cyclohexanes,
biomass burning (Table S5) are from Zhang et al, (ZOOSb)C1O—C14 aldehydes and C7-C18 alkanoic acid); were also

and Shen et al. (2011), which are both conducted in China, bundant in emissions of sources and ambient air (Schauer

The emissions of higher n-_alke_mes are not reported from coagt al., 1999; Williams et al., 2010). These compounds could
burning and biomass burning in the literature.

. also be important SOA precursors in the atmosphere. This
SOA formed from SVOCs after they are emitted from a S _
specific source can be described by (Chan et al., 2009) suggests that SVOC contributions to SOA formation may be

even larger.

4.2 Contributions of SOA from PAHs and higher
alkanes (> C10)

AMo,;=[EF] x (1—exp(—kon,: [OH] Ar)) x ;. (12) o o
4.3 Implications of SOA formation in China
Here, [EF;] is the emission factor of speciésfrom the

specific source[EF;] has a unit of pgkm! in diesel ve- VOC emission ratios to CO determined in Changdao are
hicle emissions, whered&F;] has units of mgkg?! fuel compared with the results from an urban site in Beijing and
(e.g. coal or crop straw) in coal burning and biomass burn-also the values in emission inventories (see Sect. 3.4). Here,
ing emissions. ThusAMy; is the amount of SOA formed the SOA formation potential of VOC emissions, which is the
from SVOC specie$ for 1 km running of a diesel vehicle emission ratios of VOCs to CO times SOA yields, is intro-
or 1kg burning of fuels. [OH] is the average OH concentra- duced. The SOA formation potential represents the maxi-
tion, and the value (0.728 10° molecule cm®) calculated ~ mum SOA formation from VOC oxidations under the con-
in Sect. 3.2 is used for the calculatioAr is the reaction dition that primary emissions maintain CO concentrations at
time. To facilitate the comparison with SOA from measured 1 ppm in the atmosphere. The SOA formation potential has a
VOCs, the reaction time is set to 50 h in this sturlyis SOA  unit of ug nT3 ppn L.
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S Y N ST R BN N jing showed that the average SOA/CO ratio at 14:00 was

explain SOA formation either in Beijing or PRD, two impor-
tant city clusters in China.

VOCs

7 -7
A B Low-NOx 35.2 ug nT3 ppm1 and about 10 % of SOA/CO ratios were
o 67 - 6 o | 3 ) )
S arger than 40 pg me ppm——+ (W. W. Hu, personal commu
E 57 R i nication, 2012). The results showed that SOA formation at
m? 47 47 r the BG site and at the urban site in Beijing were also sig-
® 3 - 3 3 nificantly higher than SOA formation potentials of VOCs
< 24 Lo - emissions determined from both VOC ambient measure-
2 1 ments (9—25 pg m? ppm1) and emission inventory data (7—
od 30 pug nT3 ppm ). It indicates that VOC oxidations cannot
¢
o)
>

PAHs from Coal
PAHs from
Biomass burning
higher n-Alkanes
from Diesel
PAHs from Coal
PAHs from
Biomass burning

5 Conclusions

PAHs from Diesel -
k
I
T T
o -
1 1
I_.
I

PAHs from Diesel

VOCs were measured by a GC-MS/FID and a PTR-MS at

from PAHs and higher n-alkanes using emission factors of various® '€CEPLOr sité in Bohai Sea in eastern China. VOC con-
sources after 50 h oxidations under both highyN@) and low- centrations clearly showed dependence on wind directions,

NOX (B) conditions. Error bars in the PAH contributions of coal With high concentrations from the south/southwest and low
burning and biomass burning represent the highest and lowest casoncentration from the north/northeast. The dependence was
culated values from different types of coals or crop straws. consistent with the location of the Changdao site and the
source strengths in the surrounding regions.
Chemical losses of various VOC species in the atmosphere
The SOA formation potential in Changdao and Beijing were dominated t_)y reactions W'th.OH radical during the
aul " 3 =) Changdao campaign. A parameterization method based on
campaigns is 9 pg ¥ ppn L and 26 pug mS ppm1, respec- . . . )
tively (Fig. 9a). The differences between the two Campaignsrp:hotochemlcal age is used to chara_cterlze the e_:vo_lutlons_ of
' y ydrocarbons and OVOCs. Comparisons of emission ratios

are mainly due to the discrepancies in emission ratios of aro- . . . . L
. ) . : . of VOCs with those in other regions and in emission inven-
matics. Calculations based on six selected aromatic species

(values are shown in Table S6) indicate that the SOA forma-2"Y data showed that hydrocarbon emissions are well esti-

tion potential of VOC emissions in PRD is close to the value ”.‘a‘?‘?' N emission myentory_data,'bu.t O\./OC emissions are
significantly underestimated in emission inventory data. The

. 3 1 .
in Beijing (25.7 g M ppnt ) (Fig. 9b). underestimate of OVOC emissions is possibly due to the poor

Figure 9a also shows the SOA formation potential of VOC L :
2 . N : knowledge on emission patterns of non-vehicle sources to
emissions in the emission inventory of each province OfOVOCs

China. SOA formation potentials of VOC emissions in emis- L .
S : : : . The parameterization method is also used to resolve the
sion inventories of different provinces are in the range of 7— : : . .
3. 1 . : .. evolution of OA in the atmosphere. SOA formation relative
30 pug nr° ppm~-. The highest SOA formation potential is ; 3 ) S
: . . . . to CO is 18.8 ug m*° ppm -+ after 50 h oxidation. SOA for-
obtained in Hong Kong. Aromatics are the dominant contrib- ~ "~ = . : .
. . .~ mation is also determined from VOC evolution equations at
utors to SOA formation potential in the data from both emis- | . - L
L . . . . . high-NQ, and low-NG, conditions. VOC oxidation can only
sion inventories and field campaigns. It is interesting to note . .
) : ” explain 34.6-50.9 % of SOA formation under low-N€on-
that SOA formation potentials show clearly positive correla- 7. S
. ) . L ditions, whereas less than 13.6 % of SOA formation is ex-
tion with gross domestic product (GDP) per capita in each_ . . . o
. . Lk S .~ plainable using high-NQparameters. These numbers indi-
province (Fig. 9c), indicating SOA formation is increasing AR
: ; . cate that SOA formation is significantly larger than expected
alongside the development of the economy in China. ; ; . . T
: . . L T .. during the Changdao campaign. Using the data in emission
Ambient OA/CO ratio data in China is limited in the lit- . . "
erature. The OA/ CO ratio increased by 18.8 uhmppmr L inventory and literature values, it is shown that SOA for-
i y 2. Ly mation in Beijing and PRD is also notably larger than the

after 50 h of photochemical processing based on the "®SOA formation potential of VOC emissions. SVOCs could

SUItS_ of the Changdao campaign. SOA fprmatlon n .Chang'account for a large fraction of the unexplained SOA forma-
dao is somewhat lower than the results in other regions (d

. . Sion during the Changdao campaign. PAHs and higher alka-
Gouw and Jimenez, 2009), maybe due to the lower Ir]ten_nes (> C10) contributed to as much as 17.4 % of SOA forma-

sity of photochemical oxidation in April. A study in south- tion during the Changdao campaign. Our findings emphasize
em China showed that the OA/CO ratio increased fromthe importance of SVOC measureménts in the atmosphere
15.3 ug m3 ppm1 at 7:00 to 110.9 pg e ppni 1 at 15:00 P phere.
at a rural site (Backgarden, BG) in PRD, translating to SOA
formation of 95.6 pg m® ppm CO (Hu et al., 2012). Mea-
surements from AMS data at an urban site in summer of Bei-

Fig. 8. Comparisons of SOA formation from VOC oxidation, and

Atmos. Chem. Phys., 13, 8818832 2013 www.atmos-chem-phys.net/13/8815/2013/



B. Yuan et al.: VOC emissions, evolutions and contributions to SOA formation 8829

o8]
=

m OVOCs

B Aromatics
Alkenes

B Alkanes

[
3

553
=

SOA FP, pg/m’/ppm CO
o u o O

Y e YRR PSP EE EE P R ERE LRy 28
Eog S ESESEESECEEPEEEEPODESDEETERESE £ 5
<RBPLODESET BT LTI E S SSSEEEcEn2EEREE R =
e §C0 s £ BB 5 Ezomgi B E g =E e
O 1G] 5] T Z
a3
o}
o 8 L L 030_1 1 1 I 1
g_ m  Guangzhou O C /
&6— B Panyu | £ o5 Hong Kong
= B Beijing = .
) m  Changdao E 50 Shanghai
= ® " Guangdong ¢
=4 L 2 uangdong
= e
g 3 157
8, L = °
m| ;%
§ o HEEE HEEE NEES NSNS WEED SEE. | | ] I = | S 54  Shandong
£ 2 2 2 2 2 g )
3 o 7] o ) 2 = E
= N = N > > = s 04
< 5] ) 5] ] x - = T T T T T
S R = 2 & o S < 00 0.5 1.0 L5 5 ox10°
£ £ — 3 GDP per capita, CNY
m

Fig. 9. (A) SOA formation potentials of VOC emissions calculated from initial emission ratios of VOCs to CO in the emission inventory

of each province and from the results of field measurements (shaded areas) at an urban site in Beijing (Yuan et al., 2012) and during the
Changdao campaign. (B) Comparison of SOA formation potentials of six aromatics at two sites in PRD (Guangzhou and Panyu) with those in
Beijing and Changdao. (C) Scatterplots of SOA formation potential of VOC emissions in each province with gross domestic product (GDP)
per capita in each province.
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