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Abstract

Owing to recent industrialization, Central East China has become a significant source
of air pollutants. To examine the processes controlling the chemistry and transport
of tropospheric ozone, we continuously measured non-methane volatile organic com-
pounds (NMVOCs) as part of an intensive field campaign at Mount Tai, China, in June5

2006 (MTX2006), using proton transfer reaction mass spectrometry (PTR-MS). Tem-
poral variations of NMVOCs were recorded in mass-scan mode from m/z 17 to m/z
300 during 12–30 June 2006. More than thirty kinds of NMVOCs were detected up
to m/z 160, including alkenes, aromatics, alcohols, aldehydes, and ketones. Oxy-
genated VOCs were the predominant NMVOCs. During the night of 12 June, we ob-10

served an episode of high NMVOCs concentrations attributed to the burning of agri-
cultural biomass. The ∆NMVOCs/∆CO ratios derived by PTR-MS measurements for
this episode are compared to emission ratios from various types of biomass burning as
reviewed by Andreae and Merlet (2001) and to ratios recently measured by PTR-MS in
tropical forests (Karl et al., 2007) and at urban sites (Warneke et al., 2007).15

1 Introduction

Non-methane volatile organic compounds (NMVOCs), which are emitted from various
sources into the atmosphere, play important roles in controlling air quality because
they undergo gas-phase photochemical reactions leading to the formation of ozone
and secondary aerosols (Atkinson, 2000; Finlayson-Pitts and Pitts, 2000). Hundreds20

of NMVOCs are present in urban areas where large quantities of NMVOCs are emitted
by industry and other human activities (Lewis et al., 2000). The atmospheric lifetimes of
NMVOCs range from a few hours to several tens of days (Warneck, 2000). Both ozone-
formation potential, which is based on the incremental reactivity of NMVOCs, and yields
of secondary organic aerosols depend on the precursor NMVOC (Carter and Atkinson,25

1989; Seinfeld and Pandis, 1998). Therefore, simultaneous measurement of multiple
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NMVOCs, especially high temporal-resolution measurements of reactive NMVOCs, is
required.

As one of the fastest growing countries in Asia, China is experiencing severe air
pollution due to rapid urbanization and increased use of motorized vehicles. Investi-
gating the variations of ambient NMVOCs, especially speciation in megacities and city5

clusters, has become increasingly important. Source characteristics of NMVOCs have
been extensively investigated in the Pearl River Delta region (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, 2009), and in Beijing (Song et al., 2007; Xie et al., 2008; Liu et al.,
2009; Shao et al., 2009). Liu et al. (2009) and Shao et al. (2009) measured oxygenated10

VOCs (OVOCs) such as aldehydes, ketones, and alcohols, in addition to non-methane
hydrocarbons (NMHCs) including alkanes, alkenes, and aromatics, at an urban site
in Beijing and found that the OVOCs were important components with respect to OH
reactivity, accounting for approximately half of total OH loss rates due to NMVOCs.

Central East China (CEC) is regarded as one of the most significant source regions15

in the world for air pollutants such as nitrogen oxides (NOx), carbon monoxide (CO),
and NMVOCs (Streets et al., 2003), and the presence of these pollutants results in
high ozone (O3) concentrations in the region. Pochanart et al. (2009) investigated the
seasonal variation in O3 concentrations over CEC from observations at three moun-
tain sites in the area: Mount Tai (36.25◦ N, 117.10◦ E, 1534 m a.s.l.), Mount Huang20

(30.13◦ N, 118.16◦ E, 1841 m a.s.l.), and Mount Hua (34.48 ◦ N, 110.08◦ E, 2065 m
a.s.l.). They found that the maximum monthly O3 concentration (>60 part per billion
by volume (ppbv)) occurred in May and June, and high hourly O3 levels (>120 ppbv)
were often observed during this season from 2004 to 2006. Because these mountain
stations are located at altitudes high enough to avoid the influence of local emissions,25

the air masses observed at each station can be considered as representative of the
CEC region around the station (that is, within several hundred kilometers). Model sim-
ulations have been performed to examine the O3 seasonal cycle and high O3 episodes
(Wang et al., 2006; Li et al., 2007, 2008; He et al., 2008; Yamaji et al., 2008). It has

26699

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/26697/2009/acpd-9-26697-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/26697/2009/acpd-9-26697-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 26697–26734, 2009

PTR-MS
measurements of
NMVOCs in China

S. Inomata et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

been suggested that photochemical production is the primary cause for high O3 con-
centrations over this region. In situ observations of not only O3 and CO but also O3
precursors including NMVOCs would improve our understanding of photochemical pro-
cesses and improve NMVOC emission inventories (Streets et al., 2003; Carmichael et
al., 2003a,b)5

During the latter part (12–30 June 2006) of a campaign of the Mount Tai Experiment
2006 (MTX2006), we continuously measured ambient NMVOCs using a commercially
available PTR-MS instrument at the observation station of Mount Tai. PTR-MS allows
on-line measurements of NMVOCs at trace levels in air (Lindinger et al., 1998a,b; de
Gouw and Warneke, 2007; Blake et al., 2009). We present here the speciation, quan-10

tities, and variation of NMVOCs measured by PTR-MS at the Mount Tai observation
station. The NMVOC data obtained by means of PTR-MS, in combination with NMHC
data obtained by gas chromatography with flame ionization detection (GC-FID) and
gas chromatography–mass spectrometry (GC-MS) during the campaign (Suthawaree
et al., 2009), can be expected to be useful for diagnosis of the O3 production regime15

(NOx-limited vs. VOC-limited) over the CEC region (Kanaya et al., 2009) and for source
identification (anthropogenic or biogenic).

2 Experimental

2.1 MTX2006 campaign

To examine the chemistry and transport related to O3 and aerosols over CEC, an inten-20

sive field campaign was implemented on the Mount Tai (36.25◦ N, 117.10◦ E, 1534 m
a.s.l.) in June 2006 (MTX2006). The concentrations of surface O3, CO, CO2, NO,
NOx, NOy, NMVOCs, elemental carbon (EC), and organic carbon (OC); the chemical
compositions of aerosols; J values; the tropospheric NO2 column; and meteorological
parameters were measured (Li et al., 2008; Kanaya et al., 2009; Akimoto, in prepara-25

tion, 2009).
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O3 and CO mixing ratios were measured with commercially available instruments
that measure ultraviolet and nondispersive infrared absorption (Thermo Environmental
Instruments Inc., models 49C and 48C), respectively (Pochanart et al., 2009). NO,
NOx, and NOy were sequentially detected with a customized instrument based on
a commercially available instrument (Thermo Environmental Instruments Inc., model5

42 CTL). An air sample was passed through one of three gas lines: a line with a molyb-
denum converter, a line with a blue light (light-emitting diode) converter (Droplet Mea-
surement Technology, USA), and a line without converters. The two converters were
located at the entrance of the sampling tube, such that NOy and NO2 were converted to
NO, a relatively inert molecule, early in the inlet line with minimum loss. The efficiency10

of the conversion of NO2 to NO by the blue light converter during the campaign was
50%. The sensitivity to NO was determined with premixed NO/N2 gas (2.004 ppmv,
Taiyo Nippon Sanso Corporation). The sensitivity agreed with that determined with
a cylinder with NIST-traceability to within 2%. The detection limit of the instrument is
specified to be 0.1 ppbv for NO and 0.2 ppbv for NO2 and NOy.15

2.2 PTR-MS set-up at Mount Tai

A commercially available PTR-MS instrument was used for this work (Ionicon Ana-
lytik GmbH, Innsbruck, Austria) (Lindinger et al., 1998a, 1998b; Inomata et al., 2008).
Briefly, H3O+ ions were produced from a pure water vapor flow of 7.8 sccm in a hol-
low cathode discharge ion source. The sample air was introduced into the drift tube20

at a flow rate of approximately 22 sccm, and the drift tube pressure (Pdrift) was held at
2.1 mbar. The temperatures of the sampling inlet (Tinlet) and the drift tube (Tdrift) were
held at 105◦C. The drift tube (9.2 cm long) consisted of stainless steel ring electrodes,
separated by Teflon rings for electrical isolation. The ring electrodes were connected to
a resistor network, which divided the overall drift voltage (Udrift) into a homogeneously25

increasing voltage and established a homogeneous electric field inside the drift tube to
avoid the formation of substantial amounts of hydrated hydronium ions, H3O+·(H2O)n
(n=1, 2, . . . ). In the drift tube, trace gases such as VOCs in the sample air were ionized
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by proton transfer reactions:

H3O++VOC→VOC ·H++H2O (R1)

A fraction of the reagent ions (H3O+) and product ions (VOC·H+) was extracted
through a small orifice into a quadrupole mass spectrometer. The ions were detected
by a secondary electron multiplier for ion pulse counting. The mass dependence of5

the transmission efficiency of the quadrupole mass spectrometer was calibrated by the
manufacturer.

The field strength, E/N, of the drift tube, where E is the electric field strength
(V cm−1) and N is the buffer gas number density (molecule cm−3), was set to 108 Td
(1 Td=10−17 cm2 V molecule−1) to minimize fragmentation of the detected VOCs.10

Source current, U4, U5, Udrift, U1, and UNC, of the PTR-MS instrument were 8.0 mA,
95 V, 90 V, 400 V, 50 V, and 5.8 V, respectively. The count rate of the reagent ion
(H3O+), calculated from the count rate at m/z 21 (H18

3 O+) multiplied by 500, was typi-
cally 1×107 cps. Data were continuously recorded during 12–30 June 2006 using the
PTR-MS instrument’s scan mode (from m/z 17 to m/z 300 with 0.1-s data collection at15

each step).
The PTR-MS instrument was housed in a room on the ground floor of the observation

station located at the summit of Mount Tai (Gao et al., 2005). The inlet for ambient air
sampling was located approximately 10 m above the ground. A 1/4” Teflon line (4.0 mm
ID, ∼15 m length) was used as a sampling line. The ambient air was pumped with20

a diaphragm pump at flow rate of 2 L min−1, with an estimated residence time of 6 s in
the 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 Instru-
ments Inc., Model 111) was sampled into the PTR-MS instrument for the purpose of
determining the background signal for each m/z. Twice daily (11:00–11:30 CST (China25

Standard Time) and 23:00–23:30 CST), we introduced standard gas mixtures contain-
ing propene, acetaldehyde, acetone, isoprene, benzene, toluene, and p-xylene at mix-
ing ratios of 10.5 parts per billion by volume (ppbv) into the PTR-MS instrument; the
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standard gas mixtures were produced by dynamic dilution of a seven-VOC premixed
standard gas (5 parts per million by volume (ppmv)) with zero-air. Typically, ambient air
was sampled for 1.5 h, and then background signals were measured for 0.5 h.

2.3 Detection sensitivity and humidity dependence for NMVOCs

The detection sensitivity and its humidity dependence for eleven VOCs (formaldehyde,5

methanol, acetonitrile, propene, acetaldehyde, ethanol, acetone, isoprene, benzene,
toluene, and p-xylene) were determined in the laboratory, as described elsewhere (In-
omata et al., 2008). The results are summarized in Table 1, along with the detection
limits for these VOCs. The detection sensitivity of a VOC was defined as the signal
intensity for VOC·H+ normalized to a H3O+ intensity of 106 counts per second (cps)10

when 1 ppbv of the VOC was present in the sample, and the unit for the sensitivity is
normalized cps (ncps)/ppbv. No significant humidity dependence of the background
signals at the masses listed in Table 1 was found.

The detection sensitivities under dry conditions ranged from ∼5 to ∼14 ncps/ppbv
for all the compounds except ethanol (1.56 ncps/ppbv). Because the detection15

sensitivity calculated using a typical ion–molecule rate constant for Reaction (R1)
(2×10−9 cm3 molecule−1 s−1) is 9 ncps/ppbv, the differences between the detection
sensitivities can be explained in terms of the difference between the rate constants
((1.5–3.3)×10−9 cm3 molecule−1 s−1) (Zhao and Zhang, 2004). The extremely low de-
tection sensitivity for ethanol was caused by the presence of the channel reproducing20

H3O+ (Inomata and Tanimoto, 2009).
With regard to humidity dependence, there are three types; that is, the detection

sensitivity decreases, increases, or does not change with increasing humidity. The
detection sensitivity for formaldehyde reportedly decreases with increasing humidity,
owing to the reverse of Reaction (R1) because the exothermicity of Reaction (R1) is25

small for formaldehyde (Inomata et al., 2008). Polar molecules react with H3O+·H2O to
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produce VOC·H+ ions (Reaction R2; Smith and Španěl, 2005).

H3O+ ·H2O+VOC→VOC ·H++2H2O (R2)

The abundance of H3O+·H2O increases under humidified conditions, and the sig-
nals for VOC·H+ ions produced by Reaction (R2) are added to the signals for VOC·H+

ions produced by Reaction (R1). Therefore, the detection sensitivities for acetone,5

acetaldehyde, and ethanol showed a positive dependence on humidity. Because the
proton affinity of methanol is small relative to the values for acetone, acetaldehyde, and
ethanol, the contribution of Reaction (R2) is negligible for methanol, so that no humidity
dependence of the detection sensitivity for methanol was probably observed.

One of the main weaknesses of PTR-MS is its reliance solely on mass spectrometry10

for discriminating between molecules, which means that isobaric species cannot be
distinguished. The NMVOCs listed in Table 1 were chosen as representative species
that give an ion signal at each m/z; for example, methanol gives an ion signal at m/z
33. For the mass numbers listed in the table, we converted measured ion signals to
mixing ratios by using the corresponding detection sensitivities in this work. However,15

we do not discuss the ion signals at m/z 43 and m/z 47 in this paper, because the
detection sensitivity for ethanol was extremely low compared to that of other species
and because many VOCs can give ion signals at m/z 43 (Warneke et al., 2003).

For other mass numbers, volume mixing ratios (VMRs) were calculated with the
following equation:20

(VMR)=
(Signal) ·1E9 ·1013 ·22400 · (273.15+Tdrift)

k ·t · (M21) ·500 ·Pdrift ·6.022E23 ·273.15
(1)

where (Signal) and (M21) are the signal intensities of VOC·H+ and H18
3 O+, respectively;

and k and t are the rate constant and the reaction time for the protonation reaction.
The rate constant used was 2.0×10−9 cm3 molecule−1 s−1. Detection limits at S/N=2
were estimated to be 0.01–0.08 ppbv for a typical 10-s integration (0.1 s×100 scans25

over a period of 1 h).
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Standard gases of HCHO/N2 (1.02 ppmv, Takachiho), CH3OH/N2 (10.8 ppmv,
Takachiho), C2H5OH/N2 (9.56 ppmv, Takachiho), and CH3CN/N2 (9.98 ppmv, Japan
Fine Products) and a seven-VOC premixed standard gas containing propene
(4.92 ppmv), acetaldehyde (5.07 ppmv), acetone (5.05 ppmv), isoprene (4.98 ppmv),
benzene (4.97 ppmv), toluene (5.16 ppmv), and p-xylene (4.90 ppmv) balanced with5

N2 (Japan Fine Products) were used as received.

2.4 Measurements by GC-FID

During 2–28 June, ambient air was stored for the VOC analyses. The air was com-
pressed with a PFA (perfluoroalkoxy polymer resin) bellows pump into a canister whose
inner surface was coated with fused silica to stabilize the trace components for longer10

storage periods. The ambient air was typically sampled once per day (in the daytime)
with a sampling duration of 2 min, and the sample canisters were analyzed after the
campaign by GC-FID (HP6890). Detailed information about the canister sampling and
analysis is presented elsewhere (Suthawaree et al., 2009). PTR-MS-derived concen-
trations for isoprene (ion signal at m/z 69, referred to as M69), benzene (M79), toluene15

(M93), C8 benzenes (M107), and monoterpenes (M137) were compared with those
obtained by GC-FID (Sect. 3.2).

3 Results and Discussion

3.1 PTR mass spectrum

More than thirty kinds of NMVOCs were detected at the summit of Mount Tai by means20

of PTR-MS. Figure 1 shows an example of an hourly averaged mass spectrum ob-
tained in daytime (14:00–15:00 CST on 26 June). Many protonated molecules were
detected at odd m/z values up to m/z 160. Strong peaks were attributable to am-
monia (M18), formaldehyde (M31), methanol (M33), propene and/or a fragment from
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propanol, etc. (M43), acetaldehyde (M45), formic acid and/or ethanol (M47), acetone
and/or propanal (M59), and acetic acid, methyl formate, and/or a fragment from ac-
etates (M61). In addition, ion signals for a series of aromatics (M79, M93, M107,
M121, and M135), ketones/aldehydes (CnH2nO, M73, M87, M101, M115, M129, M143,
and M157), and acids/formates/acetates/hydroxyketones/hydroxyaldehydes (CnH2nO2,5

M75, M89, M103, and M117) were observed. The peaks at m/z 129, 143, and 157 were
assigned to naphthalene and methyl-substituted naphthalenes. The contributions of
naphthalene and methyl-substituted naphthalenes to the corresponding masses were
unknown; however, The peaks at m/z 129, 143, and 157 were assigned to saturated
C8–C10 aldehydes/ketones in this study. In fact, n-nonanal (CH3(CH2)7CHO, mass10

142) and n-decanal (CH3(CH2)8CHO, mass 156) were measured during the campaign
by means of sampling with an O-benzylhydroxylamine-impregnated filter and subse-
quent GC-FID and GC-MS analyses (Okuzawa et al., 2009). Ion signals attributed to
biogenic VOCs such as isoprene (M69) and monoterpenes (M137) were also observed.

The ion signal at m/z 71 can be attributed to protonated pentenes, but the mixing15

ratio of total pentenes (that is, the sum of 1-pentene, cis-2-pentene, trans-2-pentene, 3-
methyl-1-butene, and 2-methyl-2-butene) was 11 parts per trillion by volume (pptv), as
determined by GC-FID analysis of a sample collected at 14:44 CST on 26 June (TS30)
(Suthawaree et al., 2009). This mixing ratio is lower than the PTR-MS detection limits
in the present work, so we attributed the ion signals at m/z 71, 85, 99, 113, and 12720

not to alkenes but predominantly to OVOCs such as unsaturated aldehydes/ketones
(CnH2n−2O).

3.2 Comparison between PTR-MS- and GC-FID-derived concentrations

PTR-MS-derived concentrations for isoprene (calibrated), benzene (calibrated),
toluene (calibrated), ΣC8 benzenes (calibrated against p-xylene), and Σmonoterpenes25

(calculated) were determined from the ion signals at m/z 69, 79, 93, 107, and 137, re-
spectively. The mixing ratios of isoprene, benzene, toluene, ΣC8 benzenes (m- and p-
xylenes, o-xylene, and ethylbenzene), and Σmonoterpenes (α-pinene, β-pinene, cam-
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phene, and limonene) were measured independently by means of GC-FID (Suthawa-
ree et al., 2009). Scatterplots of fourteen mixing ratios obtained by GC-FID versus
the corresponding mixing ratios obtained by PTR-MS are shown in Fig. 2, along with
best-fit lines determined by means of reduced-major-axis (RMA) regression (Ayers,
2001). The GC-FID mixing ratios of ΣC8 benzenes were obtained from the sum of5

the ratios of m- and p-xylenes, o-xylene, and ethylbenzene, and the mixing ratios of
Σmonoterpenes were obtained from the sum of the ratios of α-pinene, β-pinene, cam-
phene, and limonene.

Reasonable agreement was observed for ΣC8 benzenes and Σmonoterpenes
(Fig. 2d and e). Although the slope for benzene was slightly greater than 1 (Fig. 2b),10

the PTR-MS-derived concentrations were proportional to those derived by GC-FID.
For M79, there may have been interference from higher aromatics such as ethyl- and
propylbenzenes (de Gouw and Warneke, 2007).

For isoprene and toluene (Fig. 2a and c), the slopes obtained by RMA regression
were substantially greater than 1, which suggests that the PTR-MS-derived concentra-15

tions were overestimated for these species, probably owing to interference from other
species, including fragment ions. In addition to having a slope greater than 1, the
isoprene plot had a high offset. Biogenic VOCs such as 2- and 3-methyl butanal, 1-
penten-3-ol, and 2-methyl-3-buten-2-ol are thought to contribute to the ion signal at
M69 (de Gouw and Warneke, 2007). In addition, we have found that higher-molecular-20

weight aldehydes such as 1-decanal generate fragment ions at M69. Thus, the large
slope may have been due the fragment ions from these VOCs. The high offset was
probably due to the interference from other NMVOCs such as furan, substantial con-
centrations of which have been observed in laboratory measurements of emissions
from biomass burning (Christian et al., 2004).25

For toluene, the PTR-MS-derived concentrations were also proportional to those
derived by GC-FID, but the slope of the best-fit line (3.4±1.7) was far from 1 (Fig. 2c).
There have been no reports of interfering species for M93, and the reason for the
high slope requires further investigation. For the purposes of this paper, we corrected
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the PTR-MS-derived concentrations for isoprene (M69), benzene (M79), and toluene
(M93) using the corresponding best-fit lines, and the corrected values are designated
as M69*, M79*, and M93*, respectively.

3.3 Diurnal variations during 24–28 June

Substantial diurnal variations were bserved every day during 24–28 June for several5

NMVOCs. Hourly averaged PTR-MS data for multiple NMVOCs were averaged for five
days (24–28 June) and are displayed in Fig. 3, along with meteorological parameters
(temperature and atmospheric pressure) and O3, CO, NOx, and NOz (=NOy–NOx)
mixing ratios. It should be noted that the summit of Mount Tai is sometimes located
in the free troposphere owing to downward movement of the planetary boundary layer10

(PBL) at night (Fu et al., 2009; Suthawaree et al., 2009).
The mixing ratios of O3 and CO commonly increased after noon (Fig. 3b). The net

O3 production rate was estimated by means of a box model to be 51 ppbv d−1 during
the 16–30 June period (Kanaya et al., 2009). This value is larger than the O3 increase
shown in Fig. 3(b) (∼30 ppbv), which suggests that in situ photochemical reactions15

can explain the observed O3 increase. The mixing ratio of NOx quickly increased
early in the morning (06:00–07:00 CST) and decreased late in the afternoon (20:00–
22:00 CST), and this pattern is likely to have been controlled by the movement of the
PBL. When the station was within the PBL, the mixing ratio of NOx was higher than
the ratio at night, when the station was often located in the free troposphere. The20

temporal variation of NOx especially in daytime was largely scattered and was variable
because of primary emissions (Fig. 3c). The temporal profile of NOz varied smoothly
and showed a daytime maximum and nighttime minimum (Fig. 3c); the mixing ratio
peaked at around 14:00 CST.

The emissions of biogenic VOCs (isoprene (M69*) and monoterpenes (M137)) are25

controlled mainly by sunlight and temperature, respectively (Finlayson-Pitts and Pitts,
2000). The mixing ratio of isoprene was almost zero at night, whereas the ratio of
monoterpenes was above zero even at night (Fig. 3d). The mixing ratio for M71 at-
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tributed to methylvinylketone (MVK) and methacrolein (MACR), which are thought to
be photochemical products of isoprene, peaked late in the afternoon, after the peak for
isoprene (Fig. 3d). Figure 3e shows the diurnal variations of the aromatics, which were
irregular, like the variation of NOx. Similar behaviors were observed for methanol (M33)
and C3H6O2 (e.g., methyl acetate and hydroxyacetone; M75) and C3H6O2 (e.g., ethyl5

acetate; M89) (Fig. 3g). The diurnal variations of aldehydes/ketones showed behaviors
between those of primarily emitted species (e.g., NOx) and those of photochemically
produced species (e.g., NOz). For example, the peak at M31 in the morning was prob-
ably due to primary emission of formaldehyde (Fig. 3f). The temporal profile of M46
was somewhat consistent with that of NOz (Fig. 3h), which indicates that the species10

detected at M46 were produced mainly by photochemical processes.

3.4 Temporal variations of NMVOCs

3.4.1 NMHCs

Temporal variations of mixing ratios for isoprene and aromatics (benzene, toluene, and
ΣC8-, ΣC9-, and ΣC10 benzenes) are shown in Fig. 4. In the figure, mixing ratios of iso-15

prene, benzene, and toluene were corrected on the basis of data obtained by GC-FID,
as indicated by the asterisks. Data for M69 during an episode of high NMVOC concen-
trations on the night of 12 June, when a biomass burning plume was observed (see
Sect. 3.5), were masked because the M69 signal also increased, probably owing to
furan (Christian et al., 2004). For isoprene, diurnal variations, with a daytime maximum20

and nighttime minimum, were clearly observed during the entire period. In particular,
the mixing ratios of isoprene were almost zero at night (Fig. 4a).

As shown in Fig. 4b, the mixing ratio of benzene was usually higher than the ratios
of toluene and ΣC8 benzenes, which suggests that the air at the observation site was
generally photochemically aged, because the removal rate coefficient for toluene by re-25

action with OH (5.6×10−12 cm3 molecule−1 s−1 at 298 K) is larger than that for benzene
(1.2×10−12 cm3 molecule−1 s−1 at 298 K) (Warneke et al., 2007). Sharp peaks were
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observed in common for ΣC8 benzenes (xylenes and ethylbenzene), ΣC9 benzenes
(trimethylbenzenes methylethylbenzenes, and propylbenzenes), and ΣC10 benzenes
(e.g., tetramethylbenzenes).

Overall mean concentrations for these hydrocarbons over the entire period were
∼2 ppbv. According to the GC-FID results, overall mean concentrations of NMHCs in-5

cluding saturated hydrocarbons (25 species), unsaturated hydrocarbons (20 species),
and aromatics (7 species) were 9.1 ppbv in daytime and 2.4 ppbv at night (average
5.8 ppbv) during 12–30 June (Suthawaree et al., 2009). These values indicate that
approximately 35% of the NMHCs were observed by PTR-MS. The major NMHC com-
ponents were ethane, propane, ethene, and acetylene, which cannot be detected by10

PTR-MS, because their proton affinities are lower than the proton affinity of H2O.

3.4.2 OVOCs

The temporal variations of the mixing ratios of OVOCs such as ketones/aldehydes,
methanol, and CnH2nO2 (acids/formates/acetates/hydroxyketones/hydroxyaldehydes)
are shown in Fig. 5. An episode of high NMVOCs concentrations was observed during15

the night of 12 June. As described later (Sect. 3.5), mixing ratios for OVOCs in partic-
ular, as well as acetonitrile, were markedly increased. The increase in CO, NOx, 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 have20

reported that interference with this signal by fragments derived from methyl hydroper-
oxide and alcohols is not negligible in ambient air measurements. Therefore, the PTR-
MS-derived concentrations of formaldehyde were corrected. The consistency of the
corrected values was checked by comparison with data obtained by multi-axis differen-
tial optical absorption spectroscopy (MAX-DOAS) (Inomata et al., 2008). The mixing25

ratios typically varied from 0 to 5 ppbv, except during the night of 12 June.
The ion signal at M45 was assigned to acetaldehyde (Fig. 5a). The observed mixing

ratios of acetaldehyde were approximately 1.6 times those of formaldehyde. The mixing
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ratios of formaldehyde are generally higher than those of acetaldehyde at urban sites
(Shao et al., 2009; Feng et al., 2005; Komazaki et al., 1999), suburban sites (de Gouw
et al., 2009), and rural sites (Shepson et al., 1991). Formaldehyde and acetaldehyde
originate from both primary and secondary sources. If the predominant source of both
aldehydes is photochemical productionis predominant, the formaldehyde/acetaldehyde5

(F/A) ratio can be expected to be higher than 1, which is the case at rural sites (F/A≈3–
4) (Shepson et al., 1991). The low F/A ratio (F/A≈0.6) in the present study suggests
a primary emission source for acetaldehyde. Recently, Karl et al. (2007) reported emis-
sion ratios of reactive NMVOCs obtained by fires in tropical forests, and they found that
the contribution of OVOCs was higher than previously assumed for modeling purposes10

(Andreae and Merlet, 2001).
The ion signal at M59 was attributed to acetone and propanal (Fig. 5a). For the

purposes of studying atmospheric chemistry, the signal at M59 can be regarded as
a measurement of acetone because studies have shown that the contribution from
propanal is typically small (0–10%) (de Gouw and Warneke, 2007). The mixing ratios15

typically varied from 2 to 9 ppbv, except during the night of 12 June. Saturated ke-
tones/aldehydes (CnH2nO, n≤10) were detected by PTR-MS and were quantified by
means of Eq. (1) (Fig. 5b). The ion signal at M71, which was attributed to MVK and
MACR, is shown in Fig. 5b as an example of unsaturated ketones/aldehydes. As men-
tioned above, pentenes would give an ion signal at M71. However, the total mixing20

ratios of 1-pentene, cis-2-pentene, trans-2-pentene, 3-methyl-1-butene, and 2-methyl-
2-butene obtained by GC-FID ranged from 5 to 26 pptv, and these values were very
small compared with the mixing ratios (∼1 ppbv) calculated from the observed ion sig-
nal at m/z 71.

The ion signal at M33 was attributed to methanol (Fig. 5c). The amount of methanol25

was large compared with the amounts of acetaldehyde and acetone. This result is
similar to that observed near tropical forest fires (Karl et al., 2007). The mixing ra-
tios typically varied from 1 to 21 ppbv, except during the night of 12 June. In Fig. 5d,
temporal variations of CnH2nO2, which were attributed to acids, formates, acetates, hy-
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droxyketones, and hydroxyaldehydes, are shown. Sharp peaks were observed in the
morning, in the evening, or at both times, which suggests primary emission sources for
these VOCs.

Similar day-to-day variations were observed for these OVOCs, except for CnH2nO2,
which showed sharp peaks. High concentrations for most of the OVOCs were observed5

during the night of 12 June. Overall mean concentrations of these OVOCs during the
entire period were ∼30 ppbv, which is approximately 5 times those of NMHCs deter-
mined by GC-FID (∼6 ppbv). In addition to the ion peaks for OVOCs discussed above,
ion signals at M47 and M61 were rather strong, as shown in the mass spectrum (Fig.
1). M47 can be assigned to formic acid and ethanol, whereas M61 can be attributed10

to acetic acid, methyl formate, glycolaldehyde, and fragments from acetates. Further
work is necessary to identify and quantify isobaric molecules.

3.4.3 Nitrogen-containing species

The ion signal at M42 was assigned to acetonitrile. Temporal variations of mixing ra-
tios for nitrogen-containing species are shown in Fig. 6a. The mixing ratios increased15

during the episode of high NMVOCs concentrations (night of 12 June). Because ace-
tonitrile is thought to be primarily emitted from burning vegetation and because it is
long lived (τ≈900 days), it is used as a marker for biomass burning (Karl et al., 2007).
The mean concentrations for acetonitrile during the entire period was ∼1 ppbv.

Using a custom-built PTR-TOFMS instrument, Aoki et al. (2007) found that C1–C520

alkyl nitrates give significant ion signals at m/z 46 for NO+
2 as a fragment ion. In Fig. 6b,

the temporal variation of the mixing ratio for fragment NO+
2 is shown; the variation

was calculated using the ion signal at m/z 46. For reference, the variation of NOz
(=NOy−NOx) is also shown in the figure. The day-to-day variations for M46 and NOz
were similar, and the mixing ratio of NOz was approximately 5 times the mixing ratio25

obtained from the intensity of M46.
Figure 7a shows scatterplots of mixing ratios calculated from M78 and M46. M78

corresponds to protonated methyl nitrate (CH3ONO2H+). The relationship between
26712
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M46 and M78 was linear, and the best-fit line obtained by means of RMA regression
had a slope of 0.028±0.003. A reference mass spectrum of methyl nitrate showed
that the ratio of the ion signal at M78 to that at M46 was ∼0.03 (Fig. 7b), which was
consistent with the slope obtained in Fig. 7a. This result suggests that the ion signal at
m/z 46 could be attributed mainly to the fragment ion from protonated methyl nitrate,5

although there was some offset of the NO+
2 ion that was probably caused by other

higher alkyl nitrates. On the basis of the calculated mixing ratios for m/z 46 species
that were mainly attributed to methyl nitrate in this study, approximately 20% of the NOz
could probably be attributed to alkyl nitrates and the rest to other nitrogen-containing
compounds such as nitric acid (HNO3), peroxy acyl nitrates (PANs), and N2O5.10

3.5 ∆NMVOCs/∆CO ratios in biomass burning plumes

As mentioned in Sect. 3.4, an episode of high NMVOCs concentrations was observed
during the night of 12 June. Model simulation showed that the episode was related to
open burning of biomass (crop residues) (Yamaji et al., 2009). Along with data for O3,
CO, NOx, and NOz, 10-min averaged PTR-MS data for several NMVOCs are plotted15

in Fig. 8: methanol (M33), formaldehyde (M31), acetaldehyde (M45), acetone (M59),
methyethylketone (MEK)/butanals (M73), acetonitrile (M42), benzene (M79*), toluene
(M93*), ΣC8 benzenes (M107), and ΣC9 benzenes (M121).

During the episode, the mixing ratio of CO increased from 500 ppbv to 1500 ppbv; the
NOx mixing ratio also increased, and the temporal variation of NOx was similar to that20

of CO. In contrast, a decrease in O3 was observed during the time when the CO mixing
ratio was high. In addition, no significant increase of NOz was observed. These results
suggest that the contribution of the secondary photochemical production was not sig-
nificant and that the air masses during the episode were probably fresh. An increase
in acetonitrile was clearly observed, reflecting the impact of biomass burning, likely25

located nearby. In addition to acetonitrile, other OVOCs, including methanol, formalde-
hyde, acetaldehyde, acetone, and MEK/butanal, also showed increased mixing ratios.
To obtain emission ratios of NMVOCs, the photochemical age of NMVOCs should be
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considered. However, because the sources of the biomass burning were likely to have
been close to the observation site, an emission ratio of species A to species B can be
approximated from ∆(VMR-A)/∆(VMR-B).

Scatterplots of CO mixing ratios versus mixing ratios for acetonitrile and OVOCs
are shown in Fig 9. Suthawaree et al. (2009) suggested that the major pollution5

source changed after 16 June, as indicated by ∆CH3Cl/∆CO ratios. Therefore, we
obtained the ∆NMVOC/∆CO ratios from the slope of the scatterplots in two periods:
(1) 18:00 CST on 12 June to 12:00 CST on 13 June, referred to as “biomass burning
plume (BB plume)” and (2) 16–23 June, referred to as “without BB plume.” The data
for 24–28 June were excluded from the without BB plume data because substantial10

diurnal variations that depended mainly on local photochemistry were observed ev-
ery day during 24–28 June. As shown in Fig. 9, the mixing ratio of CO varied up to
1500 ppbv during both periods; however, the increase in the mixing ratios of acetoni-
trile, formaldehyde, acetaldehyde, and MEK/butanal relative to the mixing ratio of CO
was substantially higher during the BB plume than without BB plume.15

The ∆NMVOCs/∆CO ratios obtained during the biomass burning are listed in Ta-
ble 2. For comparison, ∆NMVOCs/∆CO emission ratios from biomass burning of
agricultural residues reviewed by Andreae and Merlet (2001) are also tabulated. The
∆(formaldehyde)/∆CO ratio during the BB plume was similar to the value reported in
the review, whereas the observed ∆NMVOC/∆CO ratios for acetonitrile, acetaldehyde,20

and MEK/butanal were higher than the emission ratios reported in the review. Re-
cently, Karl et al. (2007) reported the emission ratios of NMVOCs to CO from fires in
tropical forest fuels obtained during the TROFFEE (Tropical Fire and Forest Emission
Experiment) campaign carried out in Brazil; these ratios are also listed in Table 2. The
∆NMVOCs/∆CO ratios for formaldehyde and acetaldehyde were comparable to those25

reported by Karl et al. (2007), and the values for acetonitrile and MEK/butanal were
slightly higher than those reported by Karl et al. (2007).

As mentioned above, the mixing ratio of CO increased to 1500 ppbv even without
BB plume, when the fire spot faded or the trajectory of the air mass did not pass over
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the fire location (Suthawaree et al., 2009). This result suggests that the air at the ob-
servatory was influenced by polluted air masses from other sources. In Table 3, the
∆OVOCs/∆CO ratios are compared with ∆OVOCs/∆CO emission ratios observed at
urban sites in the United States (Warneke et al., 2007). We did not consider the pho-
tochemical age of any of the OVOCs. The ∆OVOCs/∆CO ratios were comparable to5

or larger than the emission ratios at urban sites (Warneke et al., 2007), which sug-
gests that the photochemical production of OVOCs or the emission ratios were higher
in China than in the United States.

4 Summary

NMVOCs were measured by means of PTR-MS during an intensive field campaign10

at the summit of Mount Tai, China, in June 2006 using the instrument’s scan mode.
As far as we know, this is the first measurement of NMVOCs by PTR-MS in China.
Ion peaks were detected up to m/z 160 and were attributed to OVOCs (e.g., alcohols,
aldehydes/ketones, formates/acetates), NMHCs (e.g., biogenic VOCs, aromatics), and
nitrogen-containing species (e.g., acetonitrile). We calibrated eleven NMVOCs by us-15

ing a standard gas mixture, and we calculated the mixing ratios of other NMVOCs on
the basis of the rate constant of the protonation reaction. The PTR-MS-derived concen-
trations for several NMHCs were compared with concentrations obtained by GC-FID,
and the results suggested that the PTR-MS-derived concentrations for isoprene, ben-
zene, and toluene tended to be overestimated owing to interference from other species,20

including fragment ions.
Diurnal variations were observed every day for 24–28 June. The diurnal variation

pattern of the aldehydes/ketones showed behavior indicating a combination of primar-
ily emitted species (e.g., NOx) and photochemically produced species (e.g., NOz). The
mixing ratio of OVOCs quantified by PTR-MS averaged about 30 ppbv during the ob-25

servation period; OVOCs were the predominant NMVOCs.
An episode of high NMVOCs concentrations was observed during the night of 12
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June, owing to biomass burning. In addition to acetonitrile, OVOCs rather than aromat-
ics showed increased mixing ratios during the episode. The ratios of ∆(acetonitrile),
∆(formaldehyde), ∆(acetaldehyde), and ∆(MEK/butanal) to ∆CO during the biomass
burning plume were substantially higher than the ratios without the biomass burning
plume. The ∆(formaldehyde)/∆CO ratio during the biomass burning plume was sim-5

ilar to the emission ratios from biomass burning of agricultural residues reviewed by
Andreae and Merlet (2001), whereas the ∆NMVOCs/∆CO ratios for acetonitrile, ac-
etaldehyde, and MEK/butanal were larger than the reviewed emission ratios. After 16
June, when either the fire spot had faded or the trajectory of the air mass no longer
passed over the fire spot, the ∆OVOCs/∆CO ratios were comparable to or larger than10

emission ratios determined for urban sites in the United States. These results sug-
gest that the photochemical production of OVOCs or the emission ratios were higher in
China than in the United States.
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Table 1. Detection sensitivity, its humidity dependence, and detection limit for eleven VOCs.

NMVOC m/z Proton affinitya (kJ/mol) Detection sensitivityb (ncps/ppbv) Detection limitc (ppbv)

Formaldehyde 31 713 (169±32)
[H2O]sample+(13.1±0.8)

d
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 4.79±0.29 0.26
Acetaldehyde 45 769 (13.8±0.9)+(0.093±0.024) [H2O]sample 0.12–0.14
Ethanol 47 776 (1.56±0.11)+(0.025±0.003) [H2O]sample 1.6–2.3
Acetone 59 812 (13.9±0.9)+(0.119±0.029) [H2O]sample 0.06–0.07
Isoprene 69 826 6.53±0.34 0.11
Benzene 79 750 7.07±0.38 0.05
Toluene 93 784 7.94±0.44 0.16
p-Xylene 107 794 7.56±0.43 0.15

a Hunter and Lias (1998)
b Detection sensitivity normalized to a H3O+ intensity of 106 cps. [H2O]sample represents the water vapor concentration
in the sample (mmol/mol). Error limits represent 95% confidence levels by t-test.
c Detection limit at S/N=2 for a typical 10-s integration (0.1 s×100 scans over 1 h).
dInomata et al. (2008)
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Table 2. ∆NMVOCs/∆CO (pptv/ppbv) ratios during the biomass burning plume.

NMVOC This worka Andreae and Merlet (2001) Karl et al. (2007)b

m/z Mount Tai Agricultural residues Fires in tropical forest fuels

Acetonitrile 42 4.8±1.1 1.3 2.5±0.8
Formaldehyde 31 11.9±3.0 14 11±10
Acetaldehyde 45 17.6±3.5 4.5 11±7
Methylethylketone
Butanal

}
1.9 3.0±2.6

73 9.7±2.4
0.1 2.3±2.0

a 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.
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Table 3. ∆OVOCs/∆CO (pptv/ppbv) ratios without biomass burning plume.

OVOC This worka Warneke et al. (2007)
m/z Mount Tai Boston/New York

Formaldehyde 31 3.8±0.6 –
Acetaldehyde 45 4.2±0.5 5.0
Acetone
Propanal

}
5.8

59 5.0±0.6
–

Methylethylketone
Butanal

}
2.0

73 2.7±0.4
–

Methanol 33 14±2 9.0

a Error limits represent 95% confidence levels.
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Fig. 1. An hourly averaged mass spectrum obtained on 26 June from 14:00 to 15:00 CST. Ion
signals at m/z 19–21, 37–39, 55–57, 30, and 32 were masked because these ion signals are
largely scattered as a result of a subtraction of the background spectrum.
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Fig. 2. Comparison of PTR-MS data with GC-FID data for (a) isoprene, (b) benzene, (c)
toluene, (d) ΣC8 benzenes, and (e) Σmonoterpenes; 10-min averaged PTR-MS data are used
for the comparison. The best-fit lines obtained by RMA regression and y=x lines are indicated
by solid lines and dashed lines, respectively. The best-fit line: (a) y=(2.8±1.4)x+(505±403),
r2=0.36, (b) y=(1.6±0.4)x+(6±306), r2=0.82, (c) y=(3.4±1.7)x+(67±393), r2=0.53, (d)
y=(1.2±0.2)x+(50±78), r2=0.92, (e) y=(0.7±0.4)x+(28±75), r2=0.08.
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Fig. 3. Diurnal variations of temperature, atmospheric pressure, and mixing ratios of O3, CO,
NOx, NOz (=NOy–NOx), and several NMVOCs averaged during 24–28 June.

26728

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/26697/2009/acpd-9-26697-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/26697/2009/acpd-9-26697-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 26697–26734, 2009

PTR-MS
measurements of
NMVOCs in China

S. Inomata et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion
Fig. 4. Temporal variations of mixing ratios for hydrocarbons: (a) isoprene and (b) and (c) aro-
matics. Hourly averaged PTR-MS data are shown. Asterisks indicate mixing ratios corrected
by GC-FID data (see text).
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Fig. 5. Temporal variations of mixing ratios for OVOCs: (a) and (b) ketones/aldehydes,
(c) methanol, and (d) CnH2nO2 (acids/formates/acetates/hydroxyketones/hydroxyaldehydes).
Hourly averaged PTR-MS data are shown.
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Fig. 6. Temporal variations of mixing ratios for nitrogen-containing VOCs: (a) acetonitrile, (b)
M46 and NOz (=NOy−NOx). Hourly averaged PTR-MS and NOz data are shown.
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Interactive DiscussionFig. 7. (a) Scatterplots of M46 versus M78 observed during the campaign. A best-fit line ob-
tained by the RMA regression method is shown as a solid line. (b) A reference mass spectrum
of methyl nitrate.
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Fig. 8. Temporal variations of mixing ratios of O3, CO, NOx, NOz, and several NMVOCs during
the night of 12 June. Ten-minute averaged PTR-MS data are shown for the VOCs.
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Fig. 9. Scatterplots of CO versus (a) acetonitrile, (b) formaldehyde, (c) acetaldehyde, and (d)
MEK/butanal in the biomass burning plume (blue dots, n=17) and without biomass burning
plume (green triangles, n=161). The best-fit lines obtained by RMA regression are shown as
dashed lines.
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