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Abstract. Owing to recent industrialization, Central East 1 Introduction

China has become a significant source of air pollutants.

To examine the processes controlling the chemistry andNon-methane volatile organic compounds (NMVOCS),
transport of tropospheric ozone, we performed on-linewhich are emitted from various sources into the atmosphere,
measurements of non-methane volatile organic compoundglay important roles in controlling air quality because they
(NMVOCs) as part of an intensive field campaign at Mount undergo gas-phase photochemical reactions leading to the
Tai, China, in June 2006 (MTX2006), using proton transfer formation of 0zone and secondary aerosols (Atkinson, 2000;
reaction mass spectrometry (PTR-MS). Temporal variationsrinlayson-Pitts and Pitts, 2000). Hundreds of NMVOCs are
of NMVOCs were recorded in mass-scan mode figfir 17 present in urban areas where large quantities of NMVOCs
tom/z 300 during 12-30 June 2006. More than thirty kinds are emitted by industry and other human activities (Lewis
of NMVOCs were detected up to/z 160, including alkenes, et al., 2000). The atmospheric lifetimes of NMVOCs range
aromatics, alcohols, aldehydes, and ketones. In combinatiofrfom a few hours to several tens of days (Warneck, 2000).
with non-methane hydrocarbon data obtained by a gas chroBoth ozone-formation potential, which is based on the in-
matography with flame ionization detection, it was found cremental reactivity of NMVOCs, and yields of secondary
that oxygenated VOCs were the predominant NMVOCs. Di-organic aerosols depend on the precursor NMVOC (Carter
urnal variations depending mainly on local photochemistryand Atkinson, 1989; Seinfeld and Pandis, 1998). There-
were observed during 24-28 June. During the night of 12fore, simultaneous measurement of multiple NMVOCs, es-
June, we observed an episode of high NMVOCs concentrapecially high temporal-resolution measurements of reactive
tions attributed to the burning of agricultural biomass. The NMVOCs, is required.

ANMVOCS/ACO ratios derived by PTR-MS measurements  as one of the fastest growing countries in Asia, China
for this episode (with biomass burning (BB) plume) and dur- s experiencing severe air pollution due to rapid urbaniza-
ing 16-23 June (without BB plume) are compared t0 emis-ijoy and increased use of motorized vehicles. Investigat-

sion ratios from various types of biomass burning as re-jng the variations of ambient NMVOCs, especially speci-
viewed by Andreae and Merlet (2001) and to ratios recentlyaiion in megacities and city clusters, has become increas-

measured by PTR-MS in tropical forests (Karl et al., 2007)jnqly important. Source characteristics of NMVOCs have
and at urban sites (Warneke et al., 2007). been extensively investigated in the Pearl River Delta re-
gion (Chan et al., 2006; Tang et al., 2007, 2008; Liu et
al., 2008; Zhang et al., 2008), in the Yangtze River Delta
region (Geng et al., 2008; Geng et al., 2009), and in Bei-

Correspondence tdS. Inomata jing (Song et al., 2007; Xie et al., 2008; Liu et al., 2009;
BY (ino@nies.go.jp) Shao et al., 2009). Barletta et al. (2005) measured methane
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Table 1. Instruments for @, CO, and NO-NQ-NOy monitor.

Instrument name Model number Working principle Species measured Detection limit
O3 Analyzer Model 49¢@ Ultraviolet absorption @ 1.0 ppbv
CO Analyzer Model 48€& Gas filter correlation CO 0.04 ppmv
NO-NOx-NOy Analyzer Modified Model 42CTE  Molybdenum/Blue NO 0.1 ppbv
light converters- NO 0.2 ppbv
chemiluminesence NOy 0.2 ppbv

2 Thermo Environmental Instruments Inc.

and non-methane hydrocarbons (NMHCs), including alka- During the latter part (12—30 June 2006) of a campaign
nes, alkenes, and aromatics, in 43 Chinese cities and ideref the Mount Tai Experiment 2006 (MTX2006), we per-
tified major sources of the hydrocarbons. Recently, Liu etformed on-line measurements of ambient NMVOCs using
al. (2009) and Shao et al. (2009) measured oxygenated VOCa commercially available PTR-MS instrument at the obser-
(OVOCs) such as aldehydes, ketones, and alcohols, in addisation station of Mount Tai. PTR-MS allows on-line mea-
tion to NMHCs, at an urban site in Beijing and found that surements of NMVOCs at trace levels in air (Lindinger et
the OVOCs were important components with respect to OHal., 1998a, b; de Gouw and Warneke, 2007; Blake et al.,
reactivity, accounting for approximately half of total OH loss 2009). We present here the speciation, quantities, and vari-
rates due to NMVOC:s. ation of NMVOCs measured by PTR-MS at the Mount Tai
Central East China (CEC) is regarded as one of theobservation station. The NMVOC data obtained by means of
most significant source regions in the world for air pol- PTR-MS, in combination with NMHC data obtained by gas
lutants such as nitrogen oxides (N carbon monoxide chromatography with flame ionization detection (GC-FID)
(CO), and NMVOCs (Streets et al., 2003), and the pres-and gas chromatography-mass spectrometry (GC-MS) dur-

ence of these pollutants results in high ozone)(©on- ing the campaign (Suthawaree et al., 2010), can be expected
centrations in the region. Pochanart et al. (in preparato be useful for diagnosis of thes@roduction regime (NG
tion, 2010) investigated the seasonal variation i cOn- limited vs. VOC-limited) over the CEC region (Kanaya et

centrations over CEC from observations at three mountairal., 2009) and for source identification (anthropogenic or bio-
sites in the area: Mount Tai (36.2H, 117.10E, 1534m  genic).

a.s.l.), Mount Huang (30.23, 118.16 E, 1841 m a.s.l.),

and Mount Hua (34.48N, 110.08 E, 2065 m a.s.l.). They

found that the maximum monthly Oconcentration 60 2 Experimental

part per billion by volume (ppbv)) occurred in May and June,

and high hourly @ levels (120 ppbv) were often observed 2.1 MTX2006 campaign

during this season from 2004 to 2006. Because these moun- ) )

tain stations are located at altitudes high enough to avoid thd© examine the chemistry and transport related goa0d
influence of local emissions, the air masses observed at eacdrosols over CEC, an intensive field campaign was imple-
station can be considered as representative of the CEC regightented on the Mount Tai (36.28, 117.10 E, 1534 ma.s.|.)
around the station (that is, within several hundred kilome-in June 2006 (MTX2006). The concentrations of surface
ters). Model simulations have been performed to examine th€s, CO, CQ, NO, NG, NGy, NMVOCs, elemental car-
O3 seasonal cycle and highs@pisodes (Wang et al., 2006; bon (EC), and organic carbon (OC); the chemical composi-
Li et al., 2007; He et al., 2008; Li et al., 2008; Yamaji et al., tions of aerosols; J values; the troposphericGlumn; and
2008). It has been suggested that photochemical productiofteteorological parameters were measured (Li et al., 2008;
is the primary cause for highgoncentrations over this re- Kanaya etal., 2009; Akimoto, 2010).

gion. In situ observations of not onlys@nd CO but also © As summarized in Table 1,4and CO mixing ratios were
precursors inc|uding NMVOCs would improve our under- measured with CommerCia”y available instruments (Thermo
standing of photochemical processes and improve NMVOCEnvironmental Instruments Inc., models 49C and 48C), re-
emission inventories (Streets et al., 2003; Carmichael et al.$Pectively (Pochanart et al., 2010). NO, j@nd NQ were
2003a, 2003b). However, the precursor concentrations in théequentially detected with a customized instrument based on
model simulations have not been validated well through ob-a CommerCia”y available instrument (Thermo Environmental

servations because there is limited knowledge on NMvOCs/nstruments Inc., model 42 CTL). An air sample was passed
in the CEC region. through one of three gas lines: a line with a molybdenum

converter, a line with a blue light (light-emitting diode) con-
verter (Droplet Measurement Technology, USA), and a line
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North China plain. The summit overlooks the city of Tai'an
(population: 500 000), 10 km to the south. The city of Ji'nan
(capital of Shandong province, population: 2.1 million) is

Table 2. Pricipal parameters for PTR-MS operation.

Parameter value situated 60km to the north. There are many tourists on
Overall drift voltage Uqrift) 400 V the mountain in the summer months (June-September); con-
Temperature at drift tubefist) 105°C sequently, local emissions from small restaurants and tem-
Pressure at drift tubePift) 2.1 mbar ples are sometimes significant pollution sources. (Gao et
Length of drift tube Lritt) 9.2cm al., 2005). The inlet for ambient air sampling was located
Reaction time«) 114us

approximately 10 m above the ground. A 1/4" Teflon line
(4.0mm ID,~15m length) was used as a sampling line. The
a E is the electric field strength (Vcnt) and & is the buffer gas number density ambient air was pumped with a diaphragm pump at flow rate
(molecule cnT3). of 2L min~1, with an estimated residence time of 6 s in the
b1Td=10"17cm? VmoleculeL. flow tube. An in-line particulate filter was used to prevent
particles from entering the instrument. Zero-air generated by
a zero-air supply (Thermo Environmental Instruments Inc.
e‘(TEI), Model 111) was sampled into the PTR-MS instru-
ment for the purpose of determining the background signal
for eachm/z. Twice daily (11:00-11:30 CST (China Stan-
dard Time) and 23:00-23:30 CST), we introduced standard
gas mixtures containing propene, acetaldehyde, acetone, iso-
prene, benzene, toluene, apekylene at mixing ratios of
10.5 ppbv into the PTR-MS instrument to check the stability
of the detection sensitivities for seven VOCs during the ob-
servation; the standard gas mixtures were produced by dy-
22 PTR-MS set-up at Mount Tai namic dilution of a seven-VOC premixed standard gas (5
parts per million by volume (ppmv)) with zero-air. Typically,
A commercially available PTR-MS instrument was used ambient air was sampled for 1.5 h, and then background sig-
for this work (lonicon Analytik GmbH, Innsbruck, Austria) nals were measured for 0.5h.
(Lindinger et al., 1998a, b; Inomata et al., 2008). Briefly, ) o o
reagent ions, 5O, were produced from a pure water vapor 2.3 Detection sensitivity and humidity dependence for
flow in a hollow cathode discharge ion source. The sam- NMVOCs
ple air was introduced from the sample port beneath the ion ) o ) o
source into the drift tube, where a homogeneous electric field '€ detection sensitivity and its humidity dependence
was established and trace gases such as VOCs in the samg@y eleven VOCs (formaldehyde, methanol, acetonitrile,

Field strength of drift tubef/N)2 108 Td

without converters. The two converters were located at th
entrance of the sampling tube, such thatNd NG were
converted to NO, a relatively inert molecule, early in the in-
let line with minimum loss. The efficiency of the conversion
of NO2 to NO by the blue light converter during the cam-
paign was 50%. The sensitivity to NO was determined with
premixed NO/N gas (2.004 ppmv, Taiyo Nippon Sanso Cor-
poration). The sensitivity agreed with that determined with a
cylinder with NIST-traceability to within 2%.

air were ionized by proton transfer reactions: propene, acetaldehyde, ethanol, acetone, isoprene, benzene,
toluene, andp-xylene) were determined in the laboratory.
H3z0™ +VOC — VOCH* +H50 (R1) The method to determine them was already described for

formaldehyde in Inomata et al. (2008). For other VOCs,
A fraction of the reagent ions @®*) and product ions VOCs at 10-100 ppbv mixing ratios was produced by a dy-
(VOCH™) was extracted through a small orifice into a namic dilution of the standard gas with zero air generated
guadrupole mass spectrometer. The ions were detecteldy a zero air supply (TEl, Model 111). The dynamic dilu-
by a secondary electron multiplier for ion pulse counting. tion system was custom-built and consisted of two mass flow
The mass dependence of the transmission efficiency of theontrollers (AERA, FC-795C @ 10 sccm (air) and FC-795C
quadrupole mass spectrometer was calibrated by the manu® 5 slm (air)). The mass flow controllers were calibrated by
facturer. The principal parameters for the PTR-MS operationfilm flow meters (Agilent Technologies, Humonics Optiflow
were listed in Table 2. The field strength of the drift tube 420 and HORIBASTEC, VP-40, respectively). The uncer-
was set to 108 Td to minimize fragmentation of the detectedtainty of the derived concentration was typically 3%. To vary
VOCs. The count rate of the reagent iong(®) was typi-  the humidity in the sample, a humidity controller (SHINYEI,
cally 1x10’ cps during the observation. Data were contin- SRG-1R-10) was connected to the line carrying zero air. The
uously recorded using the PTR-MS instrument’s scan modevater vapor concentration of the moist air was estimated us-
(fromm/z 17 tom/z 300 with 0.1-s data collection at each ing an optical chilled mirror hygrometer (General Eastern,
step). 1311DR-SR) between the humidity controller and the PTR-
The PTR-MS instrument was housed in a room on theMS. The humidity dependence was examined in the range
ground floor of the observation station located at the summitof 0 to 25 mmol/mol for the absolute water vapor concentra-
of Mount Tai. Mount Tai is an isolated single mountain in the tions. The results are summarized in Table 3, along with the
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Table 3. Detection sensitivity, its humidity dependence, and detection limit for eleven VOCs.

NMVOC m/z  Proton affinity* (kJ/mol)  Detection sensitiviﬂ/(ncps/ppbv) Detection linfit(ppbv)
Formaldehyde 31 713 o0l CATETT) ‘ 0.15-0.34
Methanol 33 754 10.6:0.4 0.30
Acetonitrile 42 779 12.8:0.3 0.01
Propene 43 752 4.780.29 0.26
Acetaldehyde 45 769 (138.9) + (0.093:0.024) [HOlsample  0.12-0.14
Ethanol 47 776 (1.560.11) + (0.025-0.003) [M:0lsample  1.6-2.3
Acetone 59 812 (13:80.9) + (0.119:0.029) [H:Olsample ~ 0.06-0.07
Isoprene 69 826 6.530.34 0.11
Benzene 79 750 7.870.38 0.05
Toluene 93 784 7.940.44 0.16
p-Xylene 107 794 7.560.43 0.15

2 Hunter and Lias, 1998.

b Detection sensitivity normalized to ag@+ intensity of 1& cps. [H2Olsamplerepresents the water vapor concentration in the sample (mmol/mol). Error limits represent 95%
confidence levels by-test.

¢ Detection limit ats/N = 2 for a typical 10-s integration (0.k400 scans over 1 h).

d Inomata et al., 2008.

detection limits for these VOCs. The detection sensitivity of humidity, owing to the reverse of Reaction (R1) because the
a VOC was defined as the signal intensity for VOCHor- exothermicity of Reaction (R1) is small for formaldehyde
malized to a HO" intensity of 16 counts per second (cps) (Inomata et al., 2008). Polar molecules react wigOH H,O
when 1 ppbv of the VOC was present in the sample, and theo produce VOCH ions (Reaction (R2); Smith arfvﬁlpanel,

unit for the sensitivity is normalized cps (ncps)/ppbv. No 2005).

significant humidity dependence of the background signals

at the masses listed in Table 3 was found. As an examplet30"H20+VOC — VOCH' +2H,0 (R2)

the humidity dependence of the normalized signal intensity

atm/z 69 with isoprene (22 ppbv) and without isoprene is  The abundance of 40" H,O increases under humidified
shown in Figs. 1S of the supplement material. In Fig. 2sconditions, and the signals for VOCHons produced by Re-

of the supplement material, temporal variations of the back-action (R2) are added to the signals for VOCkbns pro-
ground signals at:/z 69 during the field measurements are duced by Reaction (R1). Therefore, the detection sensitiv-
shown as 10-min averages, based on measurements of difjes for acetone, acetaldehyde, and ethanol showed a posi-
zero-air from a zero-air Supp|y (TE|, model ]_ll) A|though tive dependence on humldlty Because the proton affinity of
the observed background Signa|s m|ght have decreasing treﬂ'ﬂethan0| is small relative to the values for acetone, acetalde-
over the course of the measurement period, we think thahyde, and ethanol, the contribution of Reaction (R2) is neg-

there is no problem in the efficiency of the zero-air supply ligible for methanol, so that no humidity dependence of the
in removing VOCs. detection sensitivity for methanol was probably observed.

. o . It was recently reported that there is little humidity de-
The detection sensitivities under dry conditions rangedpendence of the sensitivity for benzene and toluene by Job-
from ~5 to ~14ncps/ppbv for all the compounds ex- oo, 44 McCoskey (2010) and Viasenko et al. (2010), which
cept ethanol (1.56 nc,jps/ppbv)_. Bepause the detection S€Mre in good agreement with the present results. In con-
sitivity calculate_d using a typu;al lon-molecul? rzite_con- trast, these results are different from that by Warneke et
stant for ReaCt'On (R1) (210-°cm® molecule S ) is ... al. (2001) where a significant decrease of the sensitivity for
9 ncps/ppbv, the differences between the detection Sensitive . \-ene and toluene were found with an increase of the hu-
ities can be explained in terms of the difference between th‘?nidity Jobson and McCoskey (2010) suggested that any
_ —9 1a-1 :
rats chnStan;%éil'STi'g)lo cm3|m|olecglé S ) (Zhap' .. change in the normalized sensitivity of benzene would indi-
?n th angl], )- debexttgeme y low eftfrft'oﬂ Sensl't'v'tycate ion sampling artifacts in the vacuum interface between
dor(_a a”%ﬁvaf causte 3(; Te presten;%gg € ChannelreprQne grift tube and quadrupole if benzene does not react with
ucing O™ (Inomata and Tanimoto, )- H30%-H,0 in the PTR-MS. The present result indicates that
With regard to humidity dependence, there are three typespur PTR-MS system has no ion sampling artifact and that the
that is, the detection sensitivity decreases, increases, or doesilibrations were successful.
not change with increasing humidity. The detection sensi- One of the main weaknesses of PTR-MS is its reliance
tivity for formaldehyde reportedly decreases with increasingsolely on mass spectrometry for discriminating between
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molecules, which means that isobaric species cannot be dis 400~

tinguished. The NMVOC:s listed in Table 3 were chosen as 18 14:00-15:00 CST, 26 June
representative species that give an ion signal at egchfor T
example, methanol gives an ion signalratz 33. For the 300 _
mass numbers listed in the table, we converted measured iong §10_
signals to mixing ratios by using the corresponding detection 2 200 g
sensitivities in this work. However, we do not discuss the ion g & 5 ]
signals atn/z 43 andm/z 47 in this paper, because the de- & 3 N L*d..
tection sensitivity for ethanol was extremely low compared 100 S oo e e e A
to that of other species and because many VOCs can give ior Ao |0 iz
signals ain/z 43 (Warneke et al., 2003). . 31I | Ju I e

For other mass numbers, volume mixing ratios (VMRS) 0 a0 60 80 100 1a0 140 Teo e 300

were calculated with the following equation:

m/z
Signa)-1£9-1013 22400 (273154 Ty
(VMR) = (Signaj ( + Tait) (1) Fig. 1. An hourly averaged mass spectrum obtained on 26 June
k-1-(M21)-500- Pgritt - 6.022£23-27315 from 14:00 to 15:00 CST. lon signals at/z 19-21, 37—39, 55—

where (Signal) and (M21) are the signal intensities of 57, 30, and 32 were masked begause these ion signals are largely

VOCH™* and |_§80+, respectively; and ands are the rate scattered as a result of a subtraction of the background spectrum.

constant and the reaction time for the protonation reaction.

The rate constant used was %0.0~% cm® molecule s~ 1. _ .

The uncertainty in Eq.1) is thought to be approximately 3 Results and discussion

+50 %, according to the differences between the calibrated

and calculated detection sensitivities for the VOCs listed in3-1 PTR mass spectrum

Table 3 except ethanol. Detection limits&iV =2 were es- ) .

timated to be 0.01-0.08 ppbv for a typical 10-s integration More than thirty kinds of NMVOCs were detected at the

(0.1 s<100 scans over a period of 1 h). summit of Mount Tai by means of PTR-MS. Figure 1
Standard gases of HCHOfN(1.02 ppmv, Takachiho), shows an example of an hourly averaged mass spectrum

CH3OH/N; (10.8 ppmv, Takachiho), &i50H/N, (9.56 obtained in daytime (14:00-15:00 CST on 26 June). Many

ppmv, Takachiho), and CICN/N, (9.98 ppmv, Japan Fine protonated molecules were detected at .od;dz values

Products) and a seven-VOC premixed standard gas contaitiP 10 7/z 160. Strong peaks were attributable to am-

ing propene (4.92 ppmv), acetaldehyde (5.07 ppmv), acetongonia (M18), formaldehyde (M31), methanol (M33),

(5.05 ppmv), isoprene (4.98 ppmv), benzene (4.97 ppmv)pPropene and/or a fragment from propanol, etc. (M43),

toluene (5.16 ppmv), ang-xylene (4.90 ppmv) balanced acetaldehyde (M45), formic acid and/or ethanol (M47),

with N (Japan Fine Products) were used as received. acetone and/or propanal (M59), and acetic acid, methyl
formate, and/or a fragment from acetates (M61). In ad-
2.4 Measurements by GC-FID dition, ion signals for a series of aromatics (M79, M93,

M107, M121, and M135), ketones/aldehydes,lz,O,
During 2—-28 June, ambient air was stored for the VOC analiM73, M87, M101, M115, M129, M143, and M157), and
yses. The air was compressed with a PFA (perfluoroalkoxyacids/formates/acetates/hydroxyketones/hydroxyaldehydes
polymer resin) bellows pump into a canister whose inner sur{C,H,,0,, M75, M89, M103, and M117) were observed.
face was coated with fused silica to stabilize the trace comin fact, n-nonanal (CH(CH,);CHO, mass 142) and
ponents for longer storage periods. The ambient air was typr-decanal (CH(CH;)sCHO, mass 156) were measured
ically sampled once per day (in the daytime) with a samplingduring the campaign by means of sampling with an O-
duration of 2 min, and the sample canisters were analyzed afbenzylhydroxylamine-impregnated filter and subsequent
ter the campaign by GC-FID (HP6890). Data of ten alkanes,GC-FID and GC-MS analyses (Okuzawa et al., 2010). lon
acetylene, four alkenes, six aromatics, isoprene, and 3 halasignals attributed to biogenic VOCs such as isoprene (M69)
carbons, along with detailed information about the canistervere also observed.
sampling and analysis, are presented elsewhere (Suthawa- The jon signal atn/z 71 can be attributed to protonated
ree et al., 2010). PTR-MS-derived concentrations for iso-pentenes, but the mixing ratio of total pentenes (that is, the
prene (ion signal at:/z 69, referred to as M69), benzene sym of 1-penteneis-2-pentenetrans-2-pentene, 3-methyl-
(M79), toluene (M93), and £benzenes (M107) were com- 1-putene, and 2-methyl-2-butene) was 11 parts per trillion
pared with those obtained by GC-FID (Sect. 3.2). by volume (pptv), as determined by GC-FID analysis of a
sample collected at 14:44 CST on 26 June (TS30) (Suthawa-
ree et al., 2010). This mixing ratio is lower than the PTR-
MS detection limits in the present work, so we attributed the

www.atmos-chem-phys.net/10/7085/2010/ Atmos. Chem. Phys., 10, 70882010
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L L T ' For isoprene and toluene (Fig. 2a and c), the slopes ob-
_3000F (a) isoprene — 000l (b) benzene tained by RMA regression were substantially greater than
% vs M69 5& vs M79 1, which suggests that the PTR-MS-derived concentrations
> 2000 s were overestimated for these species, probably owing to in-
? % 1000} $ (11) terference from other species, including fragmentions. In ad-
g2 1000 L E e ST dition to having a slope greater than 1, the isoprene plot had
= L eTTany ® a high offset. Biogenic VOCs such as 2- and 3-methyl bu-
R TTRTT e IR tanal, 1-penten-3-ol, and 2-methyl-3-buten-2-ol are thought
GC—FID (pptv) GC—FID (pptv) to contribute to the ion signal at M69 (de Gouw and Warneke,
T T T »000F ' ' ] 2007). In addition, we have found that higher-molecular-
= 2000 (c) tOl}lse]I\l/T% 1~ (D)X (iss ?\ZI;ZO%H@S weight aldehydes such as 1-decanal generate fragment ions at
g F & 8 M69. Thus, the large slope may have been due the fragment
g hod ions from these VOCs. The high offset was probably due to
= 1000 = 1000 the interference from other NMVOCs such as furan, substan-
g i tial concentrations of which have been observed in laboratory
N S e (’1’;'1-)- a > measurements of emissions from biomass burning (Christian
% 200 400 % 500 1000 1500 etal., 2004).
GC—FID (pptv) GC-FID (pptv) For toluene, the PTR-MS-derived concentrations were

also proportional to those derived by GC-FID, but the slope
Fig. 2. Comparison of PTR-MS data with GC-FID data faJ iso- of the best-fit line (3.41.7) was far from 1 (Fig. 2¢). There
prene, (b) benzenec) toluene, andd) XCg benzgnes; 10-min have been no reports of interfering species for M93, and the
averaged PTR-MS data are used for the comparison. The best-figason for the high slope requires further investigation.
lines obtained by RMA regression and= x lines are indicated de Gouw et al. (2003) showed good agreement between
by solid lines and dashed lines, respectively. The best-fit "ne:PTR-MS- derived and GC-MS-derived concentrations for
- 2_ -
(a)y—(2.8§|:}.4)x + (505:403), r* = 0.36, (b)y_(l'ZG:‘LO'A')x " a variety of VOCs including methanol, acetonitrile, ac-
(6£306),r2=0.82, (c)y = (3.4+1.7) x + (67+393),r2=0.53, (d) : .
y=(1.2£0.2)x + (50478),r2=0.92. etaldehyde, acetone, isoprene, methylvinylketone (MVK)
and methacrolein (MACR), methylethylketone (MEK), ben-
zene, toluene, £aromatics, @ aromatics, and monoter-

ion signals atn/z 71, 85, 99, 113, and 127 not to alkenes Penes. We expected that such agreement would be obtained.
but predominantly to OVOCs such as unsaturated aldehyHowever, there was significant discrepancy for toluene and

des/ketones (gHz,-20). isoprene. We think that the number of samples for the in-
tercomparison was not enough due to limited availability of

3.2 Comparison between PTR-MS- and canisters for the GC-FID. We will build on-site GC-FID/MS
GC-FID-derived concentrations system by which ambient air is directly analyzed, and will

be able to compare GC-FID/MS with PTR-MS data as de
PTR-MS-derived concentrations for isoprene (Ca”bratEd),Gouw et al. (2003) For the purposes of this paper, we
benzene (calibrated), toluene (calibrated), 21 benzenes  corrected the PTR-MS-derived concentrations for isoprene
(calibrated againsp-xylene) were determined from the ion (M69), benzene (M79), and toluene (M93) using the corre-
signals atm/z 69, 79, 93, and 107, respectively. The miX- sponding best-fit lines, and the corrected values are desig-
ing ratios of isoprene, benzene, toluene, arcs benzenes  nated as M69*, M79*, and M93*, respectively.
(m- and p-xylenes,o-xylene, and ethylbenzene) were mea-
sured independently by means of GC-FID (Suthawaree eB.3 Diurnal variations during 24-28 June
al., 2010). Scatterplots of fourteen mixing ratios obtained
by GC-FID versus the corresponding mixing ratios obtainedSubstantial diurnal variations mainly due to local photo-
by PTR-MS are shown in Fig. 2, along with best-fit lines chemistry were observed during 24-28 June for formalde-
determined by means of reduced-major-axis (RMA) regres-hyde (Inomata et al., 2008). Hourly mean PTR-MS data for
sion (Ayers, 2001). The GC-FID mixing ratios &fCg ben- ~ multiple NMVOCs were further averaged for five days (24—
zenes were obtained from the sum of the ratiosnefand 28 June) and are displayed in Fig. 3, along with meteorolog-
p-xylenesp-xylene, and ethylbenzene. ical parameters (temperature and atmospheric pressure) and

Reasonable agreement was observeds @z benzenes O3z, CO, NQ,, and NQ mixing ratios. It should be noted

(Fig. 2d). Although the slope for benzene was slightly greaterthat the summit of Mount Tai is sometimes located in the free
than 1 (Fig. 2b), the PTR-MS-derived concentrations weretroposphere owing to downward movement of the planetary
proportional to those derived by GC-FID. For M79, there boundary layer (PBL) at night (Fu et al., 2009; Suthawaree
may have been interference from higher aromatics such ast al., 2010).
ethyl- and propylbenzenes (de Gouw and Warneke, 2007).
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Fig. 3. Diurnal variations of temperature, atmospheric pressure, and mixing ratiog, @@ NG, NOy, and several NMVOCs averaged
during 24-28 June.

Averaged diurnal variations of NOand NG, are shown ically produced species (e.g., MO For example, the peak
in Fig. 3c. The mixing ratios of N started increasing at M31 in the morning was probably due to primary emis-
at around 08:00CST and reached a maximum at aroundion of formaldehyde (Fig. 3f). The temporal profile of M46
14:00 CST, and then gradually decreased toward night. Sincéig. 3h) was somewhat consistent with that of \@hich
the fraction of NQ in NOy was small as shown in the figure, indicates that the species detected at M46 were produced
the temporal variation of NO(=NO,—NOy), whichis explic- ~ mainly by photochemical processes.
itly the secondary product, was very similar to that aof. O
The net Q production rate was estimated by a box model to 3.4  Inter-diurnal variations of NMVOCs
be 51 ppbv d* during the 16—30 June period (Kanaya et al.,
2009). This rate is large enough to explain the observed 0341 NMHCs
increase shown in Fig. 3(b}30 ppbv). These suggest large
influence from local photochemistry on the observed diurnal
O3 profile. On the other hand, it is interesting to note that the

> n . : . zenes) are shown in Fig. 4. In the figure, mixing ratios of
mixing ratios of not only @ but also CO started increasing . :
. . . ) isoprene, benzene, and toluene were corrected on the basis of
in the early morning and reached a maximum in the early af-

data obtained by GC-FID, as indicated by the asterisks. Data

ternoon (Fig. .3b)' Th'.s suggests a substantial role 9f the F>BLfor M69 during an episode of high NMVOC concentrations
development in shaping the profiles of these species. Hence

a part of the daytime increase in secondary products like O Gn the night of 12 June, when a biomass burning plume was
and NQ, are likely caused by the development of PBls O observed (see Sect. 3.5), were masked because the M69 sig-

. i nal also increased, probably owing to furan (Christian et al.,
itself and/or the @ precursors were likely transported from : . S . .

. N . 2004). For isoprene, diurnal variations, with a daytime max-
the ground surface to the top of Mt. Tai, resulting in the in-

P imum and nighttime minimum, were clearly observed during
crease of @as seen in Fig. 3b. . . . L ) .
the entire period. In particular, the mixing ratios of isoprene

The emissions of biogenic VOCs, isoprene (M69*), are Were almost zero at night (Fig. 4a).
controlled mainly by sunlight (Finlayson-Pitts and Pitts, AS shownin Fig. 4b, the mixing ratio of benzene was usu-
2000). The diurnal variation with the daytime maximum ally higher than the ratio of toluene. Averaged, standard de-
was observed for isoprene and the mixing ratio was almosviation, median, minimum, and maximum mixing ratios for
zero at night (Fig. 3d). The mixing ratio for M71 attributed benzene and toluene were summarized in Table 4. Suthawa-
to MVK and MACR, which are thought to be photochemi- ee et al. (2010) suggested from the enhancement ratios of
cal products of isoprene, peaked late in the afternoon, aftePenzene and toluene to acetylene by GC-FID that the obser-
the peak for isoprene (Fig. 3d). Figure 3e shows the diur-vation site was greatly affected by emissions from stationary
nal variations of the aromatics, which were irregular. Similar Sources rather than vehicular emissions. Sharp peaks were
behaviors were observed for methanol (M33) angHgD, observed in common foECg benzenes (xylenes and ethyl-
(e.g., methyl acetate and hydroxyacetone; M75) agtdg©> benzene),xCg benzenes (trimethylbenzenes methylethyl-
(e.g., ethyl acetate; M89) (Fig. 3g). The diurnal variations of benzenes, and propylbenzenes), ai@o benzenes (e.g.,
aldehydes/ketones showed behaviors between those of prietramethylbenzenes).
marily emitted species (e.g., NDand those of photochem-

Temporal variations of mixing ratios for isoprene and aro-
matics (benzene, toluene, aliCg-, X Cy-, and = Cyg ben-
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Table 4. Averaged, standard deviation (SD), median, minimum, and maximum mixing ratios (ppbv) of NMVOCs during 12—-30 Juhe 2006.

NMVOC Average SD Median Minimum Maximum
Formaldehyde (M31) 1.6 16 1.2 LBL 16.0
Methanol (M33) 10.0 47 94 0.9 34.8
Acetonitrile (M42) 0.7 06 0.6 0.1 6.6
Acetaldehyde (M45) 2.8 26 23 0.4 25.8
Acetone (M59) 4.5 1.7 4.2 1.7 13.2
Benzene (M79%) 0.6 04 05 LOL 2.7
Toluene (M93*) 0.2 01 02 LDk 1.2

2 Hourly averaged PTR-MS data were used.
b |ower than detection limit.

1T 17T T T 1T 17T 17T 17T 17T 17T 17T 17T T 1T T17TT1TT7]
10_(&) ® isoprene (M69%) A
0.5¢
g 0-2_: T i
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OO 41+ T T T G
12 14 16 18 20 22 24 26 28 30
Date in June 2006

Fig. 4. Temporal variations of mixing ratios for hydrocarboifs)

Overall mean concentrations for these hydrocarbons over
the entire period were 2 ppbv. According to the GC-FID re-
sults, overall mean concentrations of NMHCs including sat-
urated hydrocarbons (25 species), unsaturated hydrocarbons
(20 species), and aromatics (7 species) were 9.1 ppbv in day-
time and 2.4 ppbv at night (average 5.8 ppbv) during 12-30
June (Suthawaree et al., 2010). These values indicate that
approximately 35% of the NMHCs were observed by PTR-
MS. The major NMHC components were ethane, propane,
ethene, and acetylene, which cannot be detected by PTR-MS,
because their proton affinities are lower than the proton affin-
ity of H20O.

3.4.2 0OVOCs

The temporal variations of the mixing ratios of OVOCs
such as ketones/aldehydes, methanol, angH>(0>
(acids/formates/acetates/hydroxyketones/hydroxyaldehydes)
are shown in Fig. 5. Averaged, standard deviation, median,
minimum, and maximum mixing ratios for formaldehyde,
acetaldehyde, acetone, and methanol were summarized in
Table 4. An episode of high NMVOCs concentrations was
observed during the night of 12 June. As described later
(Sect. 3.5), mixing ratios for OVOCs in particular, as well
as acetonitrile, were markedly increased. The increase in
CO, NG, and black carbon (BC) concentrations was also
observed during this time (Kanaya et al., 2008).

The ion signal at M31 was assigned to formaldehyde
(Fig. 5a); however, we have reported that interference with
this signal by fragments derived from methyl hydroperoxide
and alcohols is not negligible in ambient air measurements.
Therefore, the PTR-MS-derived concentrations of formalde-
hyde were corrected (Inomata et al., 2008). The consistency
of the corrected values was checked by comparison with data
obtained by multi-axis differential optical absorption spec-
troscopy (MAX-DOAS) (Inomata et al., 2008). The mixing

isoprene angb) and(c) aromatics. Hourly averaged PTR-MS data ratios typically varied from 0 to 5ppbv, except during the
are shown. Asterisks indicate mixing ratios corrected by GC-FID night of 12 June.

data (see text).

Atmos. Chem. Phys., 10, 7085399 2010

The ion signal at M45 was assigned to acetaldehyde
(Fig. 5a). The observed mixing ratios of acetaldehyde were
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Fig. 5. Temporal variations of mixing ratios for OVOCs:(a) and (b) ketones/aldehydes(c) methanol, and(d) C,H,, 0>
(acids/formates/acetates/hydroxyketones/hydroxyaldehydes). Hourly averaged PTR-MS data are shown.

usually higher than those of formaldehyde, approximatelypentenecis-2-pentenefrans-2-pentene, 3-methyl-1-butene,
1.6 times those of formaldehyde during the whole observa-and 2-methyl-2-butene obtained by GC-FID ranged from 5
tion period. The mixing ratios of formaldehyde are generally to 26 pptv, and these values were very small compared with
higher than those of acetaldehyde at urban sites (Shao et athe mixing ratios {1 ppbv) calculated from the observed ion
2009; Feng et al., 2005; Komazaki et al., 1999), suburbarsignal atn/z 71.
sites (de Gouw et al., 2009), and rural sites (Shepson et al., The ion signal at M33 was attributed to methanol (Fig. 5c¢).
1991). Formaldehyde and acetaldehyde originate from botiThe amount of methanol was large compared with the
primary and secondary sources. If the predominant source cimounts of acetaldehyde and acetone. This result is simi-
both aldehydes is photochemical production, the formaldedar to that observed at urban areas (Liu et al., 2009; Warneke
hyde/acetaldehyde (F/A) ratio can be expected to be higheet al., 2007) and near tropical forest fires (Karl et al., 2007).
than 1, which is the case at rural sites (R/2-4) (Shepson et The mixing ratios typically varied from 1 to 21 ppbv, except
al., 1991). The low F/A ratio (F/A0.6) in the present study during the night of 12 June. In Fig. 5d, temporal variations
suggests a primary emission source for acetaldehyde. Resf C,H, 02, which were attributed to acids, formates, ac-
cently, Karl et al. (2007), for example, reported emission ra-etates, hydroxyketones, and hydroxyaldehydes, are shown.
tios of reactive NMVOCs obtained by fires in tropical forests, Sharp peaks were observed in the morning, in the evening,
and they found that the contribution of OVOCs was higheror at both times, which suggests primary emission sources
than previously assumed for modeling purposes (Andreador these VOCs.
and Merlet, 2001). Similar day-to-day variations were observed for these
The ion signal at M59 was attributed to acetone and©OVOCS, except for ¢Hz,0z, which showed sharp peaks.
propanal (Fig. 5a). For the purposes of studying atmospherié’“gh concentratlons for most of the OVOCs were ob§erved
chemistry, the signal at M59 can be regarded as a measuréj-u”ng the night of 12 June. .Overa_II mean concentrat!ons of
ment of acetone because studies have shown that the contff?€S€ OVOCs during the entire period wer80 ppbv, which
bution from propanal is typically small (0-10%) (de Gouw IS approximately 5 times _those of N_MHCs determined by
and Warneke, 2007). The mixing ratios typically varied GC-FID (~6ppbv). In addition to the ion peaks for OVOCs
from 2 to 9 ppbv, except during the night of 12 June. Saty-discussed above,. ion signals at M47 and. M61 were rather
rated ketones/aldehydes, (65,0, n < 10) were detected by stro.ng, as shown_ in the mass spectrum (Fig. 1). M47 can be
PTR-MS and were quantified by means of EB. (Fig. 5b). a§S|gned to formlc agd and ethanol, whereas M61 can be at-
The ion signal at M71, which was attributed to MVK and tributed to acetic acid, methyl formate, glycolaldehyde, _and
MACR, is shown in Fig. 5b as an example of unsaturated ke_f_ragments from f?\cetatgs. Further work is necessary to iden-
tones/aldehydes. As mentioned above, pentenes would givify and quantify isobaric molecules.
an ion signal at M71. However, the total mixing ratios of 1-
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Fig. 6. Temporal variations of mixing ratios for nitrogen-containing
VOCs: (a) acetonitrile,(b) M46 and NGQ (= NOy— NOy). Hourly

averaged PTR-MS and NQ@lata are shown. Fig. 7. (a) Scatterplots of M46 versus M78 observed during the

campaign. A best-fit line obtained by the RMA regression method
is shown as a solid line(b) A reference mass spectrum of methyl

3.4.3 Nitrogen-containing species nitrate.

The ion signal at M42 was assigned to acetonitrile. Tempo'RMA regression had a slope of 0.028.003. A reference

ral variations of mixing ratios for acetonitrile are shown in ass spectrum of methyl nitrate showed that the ratio of the
Fig. 6a. The mixing ratios increased during the episode o ion signal at M78 to that at M46 was0.03 (Fig. 7b), which
high NMVOCs concentrations (night of 12 June). Becausey a5 consistent with the slope obtained in Fig. 7a. This re-
acetoni'_[rile is thought to l?e_ primaril_y emitted from bL_Jrr_wing sult suggests that the ion signakatz 46 could be attributed
vegetation and becausg it is long I|v.edk(900 days), it is mainly to the fragment ion from protonated methyl nitrate,
used as a marker for biomass burning (Karl et al., 2007).5t0gh there was some offset of the N@n that was prob-
The statistics of the mixing rguos were sum.m.anzed. in Ta'ably caused by other higher alkyl nitrates. On the basis of the
ble'4. Th.e mean concentrations for acetonitrile during thecalculated mixing ratios fon /z 46 species that were mainly
entire period was-1 ppbv. , _ attributed to methyl nitrate in this study, approximately 20%
Using a custom-built PTR-TOFMS instrument, Aoki et ot e NQ, could probably be attributed to alkyl nitrates and
a_I. (2007) found that &-Cs alkyl nitrates give S|gn|_f|cant 0N the rest to other nitrogen-containing compounds such as ni-
signals atn/z 46 for Nq as a fragment ion. In Fig. 6b, the tric acid (HNGy), peroxy acyl nitrates (PANS), andSs.
temporal variation of the mixing ratio for fragment @Os
shown; the variation was calculated using the ion signal a3.5 ANMVOCs/ACO ratios in biomass burning plumes
m/z 46. For reference, the variation of N@=NO,—NOy)
is also shown in the figure. The day-to-day variations for As mentioned in Sect. 3.4, an episode of high NMVOCs con-
M46 and NQ were similar, and the mixing ratio of NQvas centrations was observed during the night of 12 June. Along
approximately 5 times the mixing ratio obtained from the in- with data for @, CO, NG, and NQ, 10-min averaged PTR-
tensity of M46. MS data for several NMVOCs are plotted in Fig. 8: methanol
Figure 7a shows scatterplots of mixing ratios calculated(M33), formaldehyde (M31), acetaldehyde (M45), acetone
from M78 and M46. M78 corresponds to protonated methyl (M59), MEK/butanals (M73), acetonitrile (M42), benzene
nitrate (CHSONO,;H™). The relationship between M46 and (M79*), toluene (M93), ~Cg benzenes (M107), antCg
M78 was linear, and the best-fit line obtained by means ofbenzenes (M121). The high concentrations likely stem from
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PTR-MS data are shown for the VOCs.

Table 5. ANMVOCs/ACO (pptv/ppbv) ratios during the biomass burning plume.

NMVOC This workd Andreae and Merlet (2001) Karl et al. (2057)
m/z Mount Tai Agricultural residues Fires in tropical forest fuels
Acetonitrile 42 4.8&1.1 1.3 2.%0.8
Formaldehyde 31 11493.0 14 1110
Acetaldehyde 45 1763.5 4.5 187
Methylethylketone 1.9 3.0:2.6
9. 424
Butanal 0.1 2.32.0

& Error limits represent 95% confidence levels. Data from 18:00 CST on 12 June to 12:00 CST on 13 June.
b values from field experiments.

significant open biomass burning of crop residues as disOVOCSs, including methanol, formaldehyde, acetaldehyde,
cussed elsewhere (Li et al., 2008; Suthawaree et al., 201(Gcetone, and MEK/butanal, also showed increased mixing
Yamaiji et al., 2009). After harvest, crop residue is either di-ratios. To obtain emission ratios of NMVOCs, the photo-
rectly returned to agriculture fields as fertilizer, burned in the chemical age of NMVOCs should be considered. However,
field, or used as biofuel (Yamaiji et al., 2009). The observa-because the sources of the biomass burning were likely to
tion site was located in the fire spot cluster spreading ovehave been close to the observation site, an emission ratio of
800 km (longitude)x400 km (latitude) during the first half species A to species B can be approximated frofdMR-

of the campaign, displayed by Suthawaree et al. (2010).  A)/A(VMR-B).

During the episode, the mixing ratio of CO increased from  Scatterplots of CO mixing ratios versus mixing ratios for
500 ppbv to 1500 ppbv; the NOnixing ratio also increased, acetonitrile and OVOCs are shown in Fig. 9. Suthawaree et
and the temporal variation of NQvas similar to that of CO.  al. (2010) suggested that the major pollution source changed
In contrast, a decrease i;@vas observed during the time after 16 June, as indicated ByCH3CI/ACO ratios. There-
when the CO mixing ratio was high. In addition, no signif- fore, we obtained th&aNMVOC/ACO ratios from the slope
icant increase of N@Qwas observed. These results suggestof the scatterplots in two periods: (1) 18:00 CST on 12 June
that the contribution of the secondary photochemical pro-to 12:00 CST on 13 June, referred to as “biomass burning
duction was not significant and that the air masses duringplume (BB plume)” and (2) 16—23 June, referred to as “with-
the episode were probably fresh. An increase in acetonitrileout BB plume.” The data for 24—28 June were excluded from
was clearly observed, reflecting the impact of biomass burnthe without BB plume data because substantial diurnal vari-
ing, likely located nearby. In addition to acetonitrile, other ations that depended mainly on local photochemistry were
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as dashed lines.

observed every day during 24-28 June. As shown in Fig. 9acetaldehyde were comparable to those reported by Karl et
the mixing ratio of CO varied up to 1500 ppbv during both al. (2007), and the values for acetonitrile and MEK/butanal
periods; however, the increase in the mixing ratios of acetoni-were slightly higher than those reported by Karl et al. (2007).
trile, formaldehyde, acetaldehyde, and MEK/butanal relative As mentioned above, the mixing ratio of CO increased
to the mixing ratio of CO was substantially higher during the to 1500 ppbv even without BB plume, when the fire spot
BB plume than without BB plume. faded or the trajectory of the air mass did not pass over the

The ANMVOCS/ACO ratios obtained during the fire location (Suthawaree et al., 2010). This result suggests

biomass burning are listed in Table 5. For comparison,that the air at the observatory was influenced by polluted air

ANMVOCs/ACO emission ratios from biomass burning m?sses.tfrr]omt %tgerl sources. In TabledG'ﬁ.éxggsﬁgg
of agricultural residues reviewed by Andreae and Merlet'atos withou plume are compared w S

: issi tios observed at urban sites in the United States
(2001) are also tabulated. Thgformaldehyde)ACO ratio emission ra X .
during the BB plume was similar to the value reported in (Warneke et al., 2007). We did not consider the photochem-

the review, whereas the observatiiMVVOC/ACO ratios for ical age of any of the OVOCs. ThaOVOCS/ACO ratios

acetonitrile, acetaldehyde, and MEK/butanal were higherWere comparable to or larger than the emission ratios at urban

than the emission ratios reported in the review. Recently,SItes (Warneke, e_t al., 2007), which sugge_st; that t.h e photo-
Karl et al. (2007) reported the emission ratios of NMVOCs c_hem|cal productlon_ of OVOCs or _the emission ratios were
to CO from fires in tropical forest fuels obtained during the higher at the summit of Mognt Tai than in the urban sites
TROFFEE (Tropical Fire and Forest Emission Experiment)(BOSton/NeW York) of the United States east coast.
campaign carried out in Brazil; these ratios are also listed in

Table 5. TheANMVOCSs/ACO ratios for formaldehyde and
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Table 6. AOVOCS/ACO (pptv/ppbv) ratios without biomass burn- the ANMVOCS/ACO ratios for acetonitrile, acetaldehyde,

ing plume. and MEK/butanal were larger than the reviewed emission ra-
tios. After 16 June, when either the fire spot had faded or
ovVOC This worlé Warneke et al. the trajectory of the air mass no longer passed over the fire
(2007) spot, theAOVOCS/ACO ratios were comparable to or larger
m/z  Mount Tai Boston/New York than emission ratios determined for urban sites in the United
Acetaldehyde 45 4205 50 States. These results su_gg_est tha}t the phot_ochemical produc-
Acetone 58 tion of OVOCs or the emission ratios were higher at the sum-
59  5.0:0.6 mit of Mount Tai than in the urban area (Boston/New York)
Propanal - of the United States east coast.
Methylethylketone 2.0
Butanal 73 2104 _ Supplementary material related to this

article is available online at:
Methanol 33 142 9.0 http://www.atmos-chem-phys.net/10/7085/2010/
acp-10-7085-2010-supplement.pdf

& Error limits represent 95% confidence levels.
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