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[1] We report the detection of a class of related oxygenated compounds by
proton-transfer-reaction mass-spectrometry (PTR-MS) that have rarely or never been
observed as a group using in situ instrumentation. Measurements were made as part of the
International Consortium for Atmospheric Research on Transport and Transformation
(ICARTT) 2004 in Chebogue Point, Nova Scotia. The detected class of compounds
discussed here includes acetic acid, formaldehyde, acetaldehyde, tentatively identified
formic acid and hydroxyacetone, and unidentified compounds detected at mass to charge
ratios 85, 87, 99, 101, 113, 115, and 129. Typical concentrations were 800, 2500, 450,
700, 85, 25, 50, 50, 60, 35, 20, and 25 ppt, respectively. The uniqueness of this class of
compounds is illustrated by showing they were poorly related to trace gases found in
the US outflow, local pollution, primary biogenic emissions and other oxygenated
compounds such as acetone, methanol, and MEK measured by other in situ
instrumentation. On the other hand these oxidized volatile organic compounds were
related to chemical species in aerosols and their abundance was high during nucleation
events. Thus they likely are gas phase species that are formed in parallel to biogenic
secondary organic aerosol production. We clearly show these compounds do not originate
from local sources. We also show these compounds match the oxidation products of
isoprene observed in smog chamber studies, and we therefore suggest they must be mainly
produced by oxidation of biogenic precursor compounds.
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1. Introduction

[2] Most primarily emitted anthropogenic and biogenic
volatile organic compounds (VOC) are oxidized in the
troposphere. There are three possible final stages or out-
comes of gas phase oxidation: (1) the production of CO or
CO2, (2) removal from the atmosphere by wet or dry
deposition, and (3) the formation of low vapor pressure
compounds that partition onto particles, a process commonly
known as secondary organic aerosol (SOA) formation. The

removal through formation of SOA may be of similar
magnitude to the other pathways [Goldstein and Galbally,
2007], making it a much larger term than previously assumed
[e.g., Kanakidou et al., 2005]. The details of this transfor-
mation from primary emissions to SOA is poorly understood
and intermediate gas phase products have been measured in
laboratory experiments only for a few selected compounds
[e.g., Odum et al., 1997].
[3] Oxidation products of primary VOC emissions tend to

become less volatile and more soluble because of the
addition of oxygen atoms to their molecular structures;
hence collisions with aerosol particles tend to be more
important. Aerosols present an airborne solid or liquid
surface of a few to a few hundred square micrometers per
cubic centimeter under rural and remote conditions; for
example, during this study a range of 21–309 mm2/cm3

(10–90% percentiles) was measured. The lower number
represents a surface on which �1 � 1017 s�1 collisions with
air molecules occur under standard conditions (1013 hPa,
298 K). This number is 10 times the number of collisions
per second that 1.5 � 106 OH radicals would undergo in the
same volume, indicating the potential importance of hetero-
geneous processes.
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[4] The goal of this study was to detect such intermediate
compounds under natural conditions in the field and to
investigate their relation to the organic fraction of aerosols.
We used a PTR-MS instrument in full mass scan mode to
measure all species detectable with this technique. In this way
a range of largely oxygenated compounds were detected,
many of which were only identified by their mass to charge
ratio in the PTR-MS. Using statistical methods (factor
analysis), the data set of better specified gas phase com-
pounds measured by a GC system [Millet et al., 2006], and
aerosol data measured with an AMS (Aerosol mass spec-
trometer) and other instruments [Jayne et al., 2000; Allan et
al., 2004] and the newly developed Thermal Desorption
Aerosol GC/MS-FID instrument (TAG) [Williams et al.,
2006], we examine the origin and role of these compounds
in the troposphere. The analysis identifies a class of com-
pounds that is closely related to aerosols and points out the
important role of these compounds as representing a link
between the gaseous and solid/liquid phase of the air.

2. Experiment

2.1. Site

[5] As part of the international ICARTT 2004 campaign
[Fehsenfeld et al., 2006] a ground based field site was operated
at Chebogue Point near the town of Yarmouth, Nova Scotia,
Canada. The site was located on a pasture about 100 m from
the coastline. Long-range transport of pollution from the US
east coast is an important factor that controls the air compo-
sition at the site [Millet et al., 2006]which results in high levels
of CO, ozone and aerosol mass. Local sources of volatile
organic compounds include emissions from a dairy farm
located southeast of the site, ship plumes of the ferry
connecting Yarmouth with Boston and Bar Harbor, anthro-
pogenic emissions (mostly traffic) from the nearby town of
Yarmouth (population nearly 8000 people), biogenic emis-
sions from the sea and nearby tide pools, and biogenic
emission from local forests and grasslands. Continuous mea-
surements were performed between 2 July and 15 August
2004.

2.2. PTR-MS

[6] The PTR-MS technique has been described in detail by
Lindinger et al. [1998]. As far as this study is concerned it is
worthmentioning that PTR-MS allows quantification of trace
gasses without calibration at accuracy levels of ±40%. In
principle, all chemical species having proton affinities higher
than water can be reliably detected. That includes the vast
majority of VOCs with the exception of some alkanes and
halogenated compounds [Hunter and Lias, 2005]. In practice
there are some issues involved with compounds such as
formaldehyde and HCN, the proton affinity of which is just
slightly above that of water [Hansel et al., 1997]. Proton
transfer is a soft chemical ionization technique that usually
does not involve fragmentation of the reactants. If fragmen-
tation does occur it typically follows simple and predictable
patterns; for example, upon protonation an alcohol with more
than 2 carbon atoms ejects a water molecule and is detected at
its molecular weight minus 17 amu.

2.3. Setup

[7] Samples were taken at a height of 10 m from a
scaffolding tower around which several air-conditioned con-

tainers housed the instruments. Both the PTR-MS and
GC-MS/FID continuously sampled through Teflon tubing
(PFA, ID 4 mm, �15 m length) and routinely measured
calibration gas standards mixed in 6 cylinders that
contained a total of 57 compounds. Details of the GC-MS/
FID system are given by Millet et al. [2005, 2006]. The line
supplying sample air to the PTR-MS was kept several
degrees above ambient air temperature (i.e., 25–30�C) with
a self-regulating heating cable (SLR3, Omega, 3 W/ft,
Tmax 65�C). A flow of �500 sccm was maintained at all
times resulting in a response time of �20 s. The line was
protected from precipitation and coarse particles by a funnel
(PFA) and a filter (PTFE, 2 mm pore size). Next to funnel
and filter a solenoid valve (PTFE) provided the option to
direct the sample air through a catalytic converter (Platinum
coated quartz wool heated to 350�C) thus allowing the
quantification of the combined background consisting of
both the instrumental background and contamination of the
inlet system.

2.4. Sampling Strategy

[8] During the first 30 min of each hour the PTR-MS was
set up to monitor concentrations of �50 individual masses
in the selected ion mode. During the second 30 min of each
hour full mass scans were performed covering the mass
range 20–220 amu. In the full mass scan mode ambient air
was measured for 15 min followed by another 15 min of
background measurement. This setup enabled us to reliably
detect trace gases with an average concentration as low as
5 ppt. The mass scan data were evaluated in situ at the
beginning of the field campaign and masses with signif-
icant signals from VOCs in ambient air were subsequently
also monitored in the selected ion mode. In the selected
ion mode VOCs can be measured with higher precision
and time resolution. In this mode background and gas
standards were measured 6 times a day (both for 15 min).
Background concentrations were interpolated and subtracted
form the ambient air signal on each monitored m/z ratio. Data
analyzed and presented here are 30 min averages of the
resulting ambient air concentrations; the averaging time
(minutes 0–30 of each hour) coincides with the sampling
period of the GC-MS/FID and TAG systems.

2.5. Detection of Polar Compounds or Compounds
With Low Volatility

[9] As for all methods except open-path optical systems,
inlet materials and design are potential sources of artifacts.
Polar and condensable compounds can be lost on surfaces in
the instrument itself and in the inlet tubing. Along with other
sources of contamination, such compounds constitute the
monitored background signals: when the system is exposed
to clean zero-air from the catalytic converter the sticky
compounds still evaporate from internal surfaces and are
detected by the PTR-MS. In fact, we consider losses onto
internal surfaces to be the major uncertainty. Therefore some
compounds might have been completely missed and reported
concentrations, especially for unidentified compounds, have
to be considered as lower limits.

2.6. Data Analysis

[10] We use factor analysis as statistical tool to interpret
and classify the data. Factor analysis attempts to explain the
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correlations between observable variables in terms of
underlying factors, which are themselves not directly
observable. We used the technique of ‘‘principal factor
estimate’’; for details on this technique, see Harman [1976]
or Mardia et al. [1979]. Millet et al. [2006] and Williams et
al. [2007] also present factor analyses for a general air mass

classification on the basis of monitored mixing ratios of gas
phase compounds and aerosol parameters, with an emphasis
on what could be learned from the gas phase GC-MS/FID
measurements and TAG measurements respectively. For the
analysis presented here we emphasize the PTR-MS data but
otherwise the basal data sets are very similar and so are

Table 1. Mean Mixing Ratios of Trace Gases During Times of Highest Dominance (Scores >1) of the Individual Factorsa

m/z Suggested Identitiesb

F1: Local
Anthropogenic,

16%
F2: US

Outflow, 12%
F3: Aged

Biogenic, 11%
F4: Local

Biogenic, 11%
F5: Isoprene
Oxidation, 5%

F6: Biomass
Burning, 5%

Loading ppt Loading ppt Loading ppt Loading ppt Loading ppt Loading ppt

GCMS methylpentanes 0.82 39 21 18 25 23 17
GCMS o-xylene 0.81 10 3 3 7 6 4
GCMS m-xylene 0.79 17 3 5 13 11 7
GCMS hexane 0.78 21 12 11 13 11 10
GCMS propene 0.76 36 14 17 28 29 18
GCMS ethylbenzene 0.75 9 5 4 7 7 4
GCMS p-xylene 0.73 7 3 3 5 5 3
GCMS pentane 0.73 67 37 32 40 35 25
93 toluene, monoterpene fragments 0.72 66 33 31 0.50 64 50 28
GCMS isobutane 0.71 125 57 53 75 56 35
107 C8-benzenes 0.58 59 12 26 57 41 38
83 ?, (C6H11+, C5H7O+)c 0.53 37 22 30 33 36 22
121 C9-benzenes, + others 0.42 54 35 43 53 47 43
GCMS C2Cl4 6 0.81 14 6 6 6 6
GCMS CH2Cl2 36 0.76 48 34 33 33 34
GC COd 131 0.74 163 127 133 131 131
GCMS MTBE 13 0.72 32 15 6 9 11
73 methylethylketone, methylglyoxal 92 0.65 131 0.54 121 92 100 98
79 benzene 59 0.62 76 57 38 48 47
41 ? 102 0.58 122 82 83 85 67
61, 43 acetic acid, glycoaldehyde 349 442 0.88 788 332 496 515
101 ?c 32 38 0.78 58 33 39 36
113 ? 18 12 0.74 35 15 26 19
87 C5-ketones, + others 36 0.50 43 0.73 49 34 38 36
45 acetaldehyde 318 0.48 345 0.70 446 287 358 321
99 ?c 26 30 0.73 47 26 35 26
31 formaldehydee 1530 1790 0.67 2540 1030 1670 1940
47 formic acidc 266 415 0.66 723 85 381 429
75 hydroxyacetone, propionic acidc 53 67 0.64 85 53 65 72
129 ?c 6 5 0.56 16 13 8 11
115 ?c 12 11 0.54 19 15 12 13
85 ?c 25 18 0.49 23 22 24 16
123 ?c 6 9 (0.24) 11 (0.26) 13 12 10
GCMS a-pinene 0.42 128 8 34 0.85 219 85 46
153 alcohol of a monoterpene 61 18 38 0.84 103 66 34
137, 81 monoterpenes 0.47 325 32 104 0.83 517 239 121
GCMS b-pinene 92 6 29 0.82 183 50 50
GCMS Careen 35 2 7 0.80 59 23 12
GCMS MBO 7 3 5 0.72 14 8 7
139 nopinonec 20 6 21 0.56 34 35 9
151 pinonaldehydec 11 6 10 0.50 15 12 8
95 dimethyldisulfide, fragments 108 76 99 0.46 175 92 97
71 MVK, MACR 88 33 62 60 0.75 168 43
GCMS MVK 56 21 41 38 0.73 102 32
GCMS MACR 38 34 27 29 0.71 65 23
GCMS isoprene 76 25 (0.35) 72 76 0.57 128 51
69 isoprene, MBO, others 139 60 0.43 137 129 0.53 202 96
63 dimethylsulfide 138 87 165 229 �0.46 89 149
42 acetonitrile 62 63 73 63 59 0.83 92
33 methanol 1820 1350 0.59 2220 2000 1980 0.53 2140
59 acetone 1160 0.45 1210 0.45 1360 1310 1240 0.49 1360
77 PAN, peracetic acidc 143 166 0.51 194 166 159 0.40 190

aFactor loadings are given when their absolute value exceeds 0.4.
bIntercomparison of GC-MS and PTR-MS confirmed that compounds printed in bold constitute the vast majority (70–100%) of the signal detected at the

respective mass.
cMajor fractions of these compounds could have been lost on surfaces of tubing etc.
dUnit for CO mixing ratios is ppb.
eThe uncertainty of formaldehyde concentrations is a factor of �2.
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