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Abstract. During the Mediterranean Intensive Oxidant
Study (MINOS) campaign in August 2001 gas-phase or-
ganic compounds were measured using comprehensive two-
dimensional gas chromatography (GC×GC) at the Finokalia
ground station, Crete. In this paper, C7−C11 aromatic
and n-alkane measurements are presented and interpreted.
The mean mixing ratios of the hydrocarbons varied from
1±1 pptv (i-propylbenzene) to 43±36 pptv (toluene). The
observed mixing ratios showed strong day-to-day variations
and generally higher levels during the first half of the cam-
paign. Mean diel profiles showed maxima at local mid-
night and late morning, and minima in the early morning
and evening. Results from analysis using a simplified box
model suggest that both the chemical sink (i.e. reaction
with OH) and the variability of source strengths were the
causes of the observed variations in hydrocarbon mixing ra-
tios. The logarithms of hydrocarbon concentrations were
negatively correlated with the OH concentrations integral
over a day prior to the hydrocarbon measurements. Slopes
of the regression lines derived from these correlations for
different compounds are compared with literature rate con-
stants for their reactions with OH. The slopes for most com-
pounds agree reasonably well with the literature rate con-
stants. A sequential reaction model has been applied to the
interpretation of the relationship between ethylbenzene and
two of its potential products, i.e. acetophenone and ben-
zeneacetaldehyde. The model can explain the good corre-
lation observed between [acetophenone]/[ethylbenzene] and
[benzeneacetaldehyde]/[ethylbenzene]. The model results
and field measurements suggest that the reactivity of benze-
neacetaldehyde may lie between those of acetophenone and
ethylbenzene and that the ratio between yields of acetophe-
none and benzeneacetaldehyde may be up to 28:1. Photo-
chemical ages of trace gases sampled at Finokalia during the
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campaign are estimated using the sequential reaction model
and related data. They lie in the range of about 0.5–2.5 days.

1 Introduction

Atmospheric volatile organic compounds (VOCs) are recog-
nized as important atmospheric species affecting air chem-
istry on regional and global scales. Photochemical reactions
of hydrocarbons in the atmosphere lead to the formation of
ozone, oxygenates and organic aerosols (Fehsenfeld et al.,
1992; Andreae and Crutzen, 1997; Limbeck and Puxbaum,
1999; Krivácsy et al., 2001; O’Dowd et al., 2002).

Atmospheric VOCs are released by various anthropogenic
and biogenic sources. The use of fossil fuels, especially
oil, is the largest anthropogenic VOC source, while emission
from vegetation, mainly in the form of isoprene and monoter-
penes, is the dominant source of biogenic VOCs (Fuentes
et al., 2000; Guenther et al., 2000; IPCC, 2001). Biomass
burning, caused by natural and human activities, also releases
significant amounts of VOCs into the atmosphere (Andreae
and Merlet, 2001).

Increased use of gasoline and other hydrocarbon products
has caused enhanced emissions of non-methane hydrocar-
bons (NMHCs), especially alkanes and alkyl-substituted aro-
matics (IPCC, 2001). This not only lowers the air quality of
source regions, but also alters air composition and quality of
remote regions through long-distance transport of NMHCs
and their photochemical degradation products, as seen in the
Mediterranean region (Lelieveld et al., 2002). Because of
their direct reactions with OH and the subsequent formation
of ozone, NMHCs can influence the distribution and budget
of tropospheric OH, as shown by model studies (Houweling
et al., 1998; Wang et al., 1998). Since atmospheric properties
and climate are closely related to aerosol concentrations, lev-
els of ozone and other greenhouse gases, enhanced NMHC
emissions may potentially influence climate.

c© European Geosciences Union 2003



1462 X. Xu et al.: GC×GC measurements of C7−C11 hydrocarbons

The large number of components directly emitted by var-
ious sources and formed during photochemical reactions
make air samples very complex. The complexity adds
difficulties to the measurements of individual or groups
of atmospheric components. Special measures, such as
chromatographic separation, are needed to avoid interfer-
ences from non-targeted components. In some cases, such as
laboratory and in-situ photochemical studies, simultaneous
measurements of a large number of components are highly
desirable. A common method for simultaneous measure-
ments of many VOCs is to use capillary gas chromatography
(GC), in combination with a flame ionization detector (FID)
or a mass spectrometer (MS) (e.g. Helmig et al., 1996; Rap-
pengl̈uck et al., 1998; Wedel et al., 1998). However, conven-
tional GC, being limited by the separation power of single
column, often fails to separate components in complex sam-
ples to a satisfactory degree. As recently shown by Lewis
et al. (2000) and Xu et al. (2003), even ambient air samples
are complex enough, so that severe overlap may occur in the
conventional GC measurements, resulting in erroneous iden-
tification and quantification of components.

We have applied a new technique, the comprehensive two-
dimensional gas chromatography (GCxGC), to the in-situ
measurement of atmospheric VOCs. In this paper we present
data of C7−C11 aromatic and n-alkane hydrocarbons mea-
sured at a remote Mediterranean site, discuss their variations,
and interpret them using data from other observations, espe-
cially the OH concentration. The instrumentation, as well as
the identification and quantification techniques, are described
in a separate paper (Xu et al., 2003).

2 Experimental

2.1 Site

The in-situ measurements described here were performed
during the Mediterranean Intensive Oxidant Study (MINOS)
campaign in August 2001 (summarized by Lelieveld et al.
(2002)). Atmospheric VOCs were observed at Finokalia,
Crete, a ground-based station (35◦19’ N, 25◦40’ E; 130 m
asl) established by the University of Crete. Crete is located
roughly in the middle of the Eastern Mediterranean, about
400 to 1000 km away from the coasts of Greece and Turkey.
The wind was steady and northerly throughout the campaign.
The windspeed averaged 7.4 m s−1, corresponding to a trans-
port time of 0.5–1.5 days from continental coastal sources to
the measurement point.

The Finokalia station is located at the top of a hill fac-
ing the sea within the 270◦–90◦ sector (Mihalopoulos et al.,
1997). During the MINOS campaign, the GC×GC system
was installed in one of the three instrument containers, placed
on the seaward side of the hill, about 50 m west of and 20 m
below the station, in a bend of an unasphalted road. The
horizontal distance between the containers and the sea was

approximately 200 m. Only a few vehicles per day passed
by on the upwind section of the road. Due to the influence
of coastal orography the wind direction observed at the site
was southwesterly to northwesterly, showing diel features.
This local wind system does not lead to significant influ-
ence of emissions from other parts of Crete on the measure-
ments (Mihalopoulos et al., 1997). On the upwind side of
the container there were some small shrubs (<1 m) covering
about 50% of the ground. Peaks of biogenic species scarcely
showed up on the chromatograms of ambient air samples,
suggesting that emissions from the local vegetation had no
significant influence on the observed VOC concentrations for
most of the time during the campaign.

2.2 Sampling and measurement of VOCs

An on-line sampling and measurement system was used
for the in-situ observation of atmospheric VOCs. The sys-
tem consists of a flow controller and a thermal desorber
(both from Markes International, Pontyclun, UK), and a gas
chromatograph (GC6890, Agilent, Wilmington, DE, USA),
equipped with an FID and jet-modulated GC×GC parts
(Zoex, Lincoln, NE, USA). Details about the whole system
are given in Xu et al. (2003).

Ambient air from a height of about 7 m above the ground
was drawn continuously through a main sample line (Teflon,
10 m, 9 mm I.D.) at about 100 l min−1 by a high volume
pump. A sub-stream (50 ml min−1) of air was drawn through
a Teflon manifold connected to the main sample line, a Teflon
tube (1 m, 3.18 mm O.D.), and the link tube (stainless steel,
89 mm, 6.35 mm O.D.) and cold trap (quartz, 12 mm, 2 mm
I.D.) of the thermal desorber by a membrane pump, to trap
VOCs in the sampled air (3–4 l). The cold trap contains two
beds of sorbent, i.e. Tenax TA and Carbograph, supported
by quartz wool. During the sampling the sorbent beds of the
cold trap were cooled by a 2-stage peltier cell to enhance the
focusing efficiency. For the measurements on a few days,
a Nafion dryer (Markes International, Pontyclun, UK) was
used to remove water vapor from the air samples. In this case,
the sorbent beds of the cold trap were cooled to−10◦C. A
disadvantage of using Nafion dryers is that they can remove
some polar organic compounds such as some oxygenated hy-
drocarbons. To avoid loss of oxygenated hydrocarbons, the
Nafion dryer was bypassed for most of the time during the
campaign. A focusing temperature of 10◦C was then used,
instead of−10◦C. These changes, however, should not have
any effects on the hydrocarbon data presented in this paper.

For the GC×GC measurements, a long DB-5 column
(30 m, 0.25 mm I.D., 1µm (5%-phenyl)-methylpolysiloxane
film) and a short Carbowax column (1 m, 0.1 mm I.D.,
0.1µm polyethylene glycol film) were used as the first and
second columns, respectively. A modulation period of 6 s
was applied to obtain two-dimensional chromatograms. This
has proven suitable for air samples, which usually contain
components of very different polarities. Helium (99.9999%,
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Messer Griesheim, Frankfurt, Germany) was used as carrier
and purge gas. It was further purified using water vapor, hy-
drocarbon, and oxygen filters (Sigma-Aldrich, Deisenhofen,
Germany) included in the carrier gas line. For the separa-
tion, the first column was heated at a rate of 2.5◦C min−1

from 50◦C to 200◦C, and the second column at a rate of
2.5◦C min−1 from 30◦C to 180◦C. With an analysis time
of 60 min compounds between C7 and C14 were well sepa-
rated. Compounds more volatile than n-heptane were not or
less satisfactorily resolved. Since these lighter compounds
were measured during MINOS using the GC-MS and PTR-
MS techniques (see Gros et al., 2003; Salisbury et al., 2003),
the GC×GC system was optimized for measuring heavier
compounds.

To determine the blank, helium samples (2–3 l) were col-
lected and analyzed using the same system and method as for
the air measurements. The blank measurements were made
once every 2–3 days. Blank levels for some compounds were
relatively high during the first half of the campaign. After the
cold trap and a filter (6 mm, PTFE) in the flow-path of the
thermal desorber were changed on 12 August 2001, blank
concentrations decreased to significantly lower levels and re-
mained low until the end of the campaign.

The system was calibrated approximately once every 5
days by measuring a standard gas mixture containing 74 hy-
drocarbons in nitrogen (Apel-Riemer Environmental, Den-
ver, USA). Only two-point calibrations were made, so as not
to detract from the measurement frequency of air samples.
Laboratory multipoint calibrations showed a very good lin-
ear dependence of peak sizes (i.e. volumes of 2D peaks) on
the injected component masses. Standards for oxygenated
hydrocarbons were not available. Acetophenone and ben-
zeneacetaldehyde measurements, which are used in this pa-
per (Sect. 3.4), have been calibrated using standard measure-
ments of ethylbenzene and a FID response factor of 0.8 (Ka-
tritzky et al., 1994). Based on the field measurements of the
standard, the (1σ ) precisions for the quantified hydrocarbons
are estimated to be 5–28%. The errors of the standard con-
centrations are 2%, as given by the manufacturer. Taking into
account errors in the volume determination and the peak inte-
gration, the accuracy for the hydrocarbons is estimated to be
about 5%. Due to the indirect calibrations of acetophenone
and benzeneacetaldehyde, the accuracy for these species may
be worse. A realistic estimate of the accuracy may be 15%,
including a 10% error in the response factor. For the ace-
tophenone and benzeneacetaldehyde measurements from the
periods 2–4 August and 7–10 August, there may be addi-
tional errors due to potential influences of the Nafion dryer on
these two oxygenates. 1,2,4-trimethylbenzene was subject to
a significant interference by octanal; consequently, the mea-
surements of this species are not shown, even though it might
have significantly contributed to the total aromatic hydrocar-
bon. Depending on components, the (2σ ) detection limit was
between 0.2 and 35 pptv in the first half of the campaign and
between 0.2 and 12 pptv in the second half of the campaign.

More details about the instrumentation, and the identification
and quantification of the various compounds are given in Xu
et al. (2003)

3 Results and discussion

3.1 Overview

Measurements of atmospheric VOCs covered the period of
2–21 August 2001. The time resolution of the measure-
ments was about 2 h, including one hour analysis and one
hour cooling of column ovens. System purging and sampling
overlapped the measurement time for the previous sample,
hence needed no extra time. Although uninterrupted mea-
surement was intended, there were some measurement gaps
due to instrument malfunctions and delays in liquid nitro-
gen supply. Statistical results of all hydrocarbon measure-
ments are listed in Table 1. For the purpose of comparison,
Table 1 also shows some data from the hydrocarbon measure-
ments from the Greater Athens Area (GAA) of Greece (Rap-
pengl̈uck et al., 1998). Since the GAA is one of the nearest
polluted areas upstream of Crete, a comparison of hydrocar-
bon measurements from Finokalia with those from the GAA
may give a measure of the remoteness of the Finokalia site,
though the measurements were not made in the same time
period. From the mean values, Table 1 shows that the mix-
ing ratios for the n-alkanes at Finokalia are about one order
of magnitude lower than those in the GAA. The differences
between the two sites are even larger for the aromatic hydro-
carbons. The mixing ratios of most aromatic hydrocarbons at
Finokalia are approximately two orders of magnitude lower
than those in the GAA. The large differences suggest that
Finokalia is a site far from anthropogenic sources.

Under the assumption that the mean concentration profile
obtained at Finokalia was a photochemically aged concen-
tration profile of the GAA air, photochemical ages of trace
gases can be estimated ast=(ln[X]0 − ln[X]t )/k[OH], with
[X]0 and [X]t being the concentration of gas X at GAA
and Finokalia, respectively,k being the rate constant for
the reaction of OH+X, and [OH] being the average concen-
tration of OH. Photochemical ages estimated in this way
do not necessarily represent the chronological air mass age
one would get from back trajectory information, because
biases can be caused by several factors, such as neglect-
ing mixing with background air in the age calculation, ex-
treme variation of OH concentration, and measurement er-
rors. The estimated photochemical ages are listed in the last
column in Table 1. It appears that a large discrepancy ex-
isted between n-alkanes and aromatics (excluding o-xylene
and 1,3,5-trimethylbenzene), with the n-alkane levels at Fi-
nokalia corresponding to much smaller (a factor of 2–3) pho-
tochemical ages than the aromatic levels. The mean concen-
trations of o-xylene and 1,3,5-trimethylbenzene seem to be
relatively too high and inconsistent with those of the other
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Table 1. Statistics of atmospheric hydrocarbons observed at Finokalia, Crete during the MINOS campaign, and mean hydrocarbon mixing
ratios in the Greater Athens Area, Greece

Compound Mean±1σ Range n LODi
a LODii

b GAA Meanc Estimated Aged

(pptv) (pptv) (pptv) (pptv) (ppbv) (h)

Octane 11±7 0.3-38 82 3 4 0.1 16
Nonane 8±6 0.2-21 86 5 3 0.2 20
Decane 11±6 0.5-27 87 12 8 0.2 16
Undecane 8±5e 0.3-18 87 19 12 0.1 11
Toluene 43±36 6-250 86 15 5 6.7 48
Ethylbenzene 7±4 0.2-22 87 9 2 1.3 43
p-/m-Xylenef 12±7 1.7-33 88 17 4 3.2
o-Xylene 25±18 0.7-70 88 21 5 1.5 19
Propylbenzene 6±4 0.4-16 88 6 1 1.4h 59
i-Propylbenzene 1±1e 0.2-4 72 2 2
1,2,3-Trimethylbenzene 3±2 0-12 76 5 1
1,3,5-Trimethylbenzene 5±6 0.2-23 84 3 1 0.3 4
1-Methyl-2-ethylbenzene 6±9 0.1-36 78 6 3 1.8i 27
1-Methyl-3/4-ethylbenzeneg 10±12 0.1-64 86 35 0.3 0.7
Indane 1±1e 0.1-4 62 3 3
1,3-Diethylbenzene 2±1e 0.2-9 72 5 2
1,4-Diethylbenzene 2±3e 0.1-30 83 2 1
Acetophenone 94±53 21-202 91 11 11
Benzeneacetaldehyde 3.6±2.6 0.7-14 86 0.2 0.2

a For the period 2–12 August 2001.
b For the period 13–21 August 2001.
c From the measurements at a suburban site in Athens during the period 20 August–20 September 1994 (Rappenglück et al., 1998). The
measurements were made on an on-line GC-FID system. The estimated overall accuracy and precision were 20% and 10–15%, respectively.
The (3σ ) detection limit was 0.01–0.08 ppbv.
d Photochemical ages estimated under the assumptions that the mean concentration profile obtained at Finokalia was a photochemically
aged concentration profile of the GAA air and that the background levels were negligible for all the components. Reaction constants from
literature (Atkinson, 1986; Atkinson and Aschmann, 1989; Nolting et al., 1988; Ohta and Ohyama, 1985) and the average OH concentration
of 4.5×106 cm−3 for the MINOS campaign (Berresheim et al., 2003) were used for calculating the photochemical ages.
e Highly uncertain, under the detection limit for most of the time.
f p-xylene and m-xylene co-elution.
g 1-Methyl-3-ethylbenzene and 1-methyl-4-ethylbenzene co-elution.
h Co-elution with dodecane.
i Co-elution with styrene.

aromatics. These discrepancies may be attributed to the as-
sumptions that are not necessarily valid, i.e. the concentra-
tion profile of the GAA air was not representative and the
background levels were not negligible for some components
(e.g. n-alkanes). Another reason for the discrepancies could
be unknown systematic errors in the data, caused by analyti-
cal problems (e.g. peak overlaps or calibration errors).

Even though Finokalia is a remote site, the influences of
anthropogenic hydrocarbons on the local atmospheric chem-
istry are not negligible in terms of the OH budget. If only the
primary reaction with OH is considered, the summed, av-
erage reactivity (defined by6ki[X i], with ki being the rate
constant for the reaction of Xi with OH) caused by NMHCs
listed in Table 1 is equivalent to 18% of that caused by CH4
(at 1.8 ppmv), which is one of the major contributors to the
OH budget. This is a lower limit estimate of the anthro-

pogenic influence, as it does not include the intermediate
products, nor the compounds outside the C7–C11 scale of the
measurements.

The anthropogenic influences were highly variable dur-
ing the campaign, as can be seen in Fig. 1, which shows the
summed mixing ratios of C8–C11 n-alkanes and C7−C10 aro-
matics during the MINOS campaign. The general trends of
the two quantities as well as the individual species were sim-
ilar during the campaign, showing higher levels at the be-
ginning and in the middle and lower levels in the last week
of the campaign. The variations of the hydrocarbon levels
were caused by changes of air masses and the strength of the
chemical sink, i.e. the removal by reaction with OH.

Although the observed wind directions at the Finokalia
site during the campaign were southwesterly to northwest-
erly, with a clear diurnal oscillation between southwest and
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Fig. 1. Summed mixing ratios of C8−C11 n-alkanes and C7−C10 aromatics during the MINOS campaign. For the purpose of comparison
average mixing ratios of acetonitrile derived from the PTR-MS measurements (Salisbury et al., 2003) are also shown. Due to interferences,
1,2,4-trimethylbenzene is not included in the mixing ratio of aromatics. The vertical dashed lines show the starts and ends of periods 2–4
(see Salisbury et al., 2003).

northwest, backward air trajectories show that air masses
were transported to Finokalia from the northwest to north-
east sector (Salisbury et al., 2003). Based on the air trajec-
tories and the measurements of important trace gases, such
as CO, CH3CN, and Rn, Salisbury et al. (2003) divided the
whole campaign into 4 periods, with some transitions. Time
intervals corresponding to periods 2–4 are indicated in Fig. 1
by the vertical dashed lines. No GC×GC measurements are
available for period 1.

Since most of the hydrocarbons under consideration are
very reactive, with lifetimes of a few hours, the air mass his-
tory during the 1–2 days prior to the arrival time is relevant
to the abundances of the hydrocarbons. In the transition be-
tween periods 1 and 2, air masses arriving at Finokalia were
two days previously over the Black Sea and transported over
western Turkey and the Aegean Sea. Hydrocarbon data from
these days can be characterized by strong diurnal variations
and a significant decreasing trend. Air masses arriving at Fi-
nokalia during period 2 were from higher altitudes (>2 km)
over the North Sea and travelled eastwards to the Black Sea
and then southwestwards through the boundary layer to Fi-
nokalia (Salisbury et al., 2003). Limited measurements from
this period do not show significant influence of the descend-
ing air masses on the measured concentrations of the reac-
tive hydrocarbons, although such influence is visible in the
propane data, which show lower values during period 2 than

during the rest of the campaign (Gros et al., 2003). This is not
surprising because the air masses might have been polluted
1–2 days prior to their arrival as they entered the continental
boundary layer. In period 3, air over Finokalia was strongly
influenced by biomass burning emissions, as indicated by the
high mixing ratios of acetonitrile, a marker of biomass burn-
ing. In this period, the mixing ratios of hydrocarbons showed
very strong fluctuations and some high values. Due to techni-
cal problems with the cold trap, GC×GC measurements were
not reliable for the period between 10 August, 21:00 UTC
and 12 August, 21:00 UTC, where strongest biomass burning
signatures were observed (Salisbury et al., 2003). This mea-
surement gap, together with the strong fluctuations, make
it difficult to identify components that were significantly
influenced by biomass burning emissions. Some signifi-
cant increases in the nighttime concentrations during pe-
riod 3 probably imply biomass burning emissions of octane,
nonane, toluene, ethylbenzene, xylenes, trimethylbenzenes,
methylethylbenzenes, and diethylbenzenes. However, this
is very uncertain, especially for toluene, trimethylbenzenes,
and methylethylbenzenes, which showed some high concen-
trations also in the transition prior to period 2. Although
biomass burning influence still can be seen in period 4, as
indicated by some spikes in the acetonitrile measurements
(Salisbury et al., 2003), GC×GC measurements from this pe-
riod show significantly lower hydrocarbon levels than those
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Fig. 2. Normalized and averaged diel profiles of selected hydrocarbons. The error bars represent one standard deviation.

from other periods, with the exception of the beginning and
end. As will be discussed later, the lower hydrocarbon levels
were at least partly caused by the higher OH abundance in
the second half of the campaign.

3.2 Diel variation

As already mentioned, the mixing ratios of hydrocarbons
showed significant diel variations, especially when the mix-
ing ratios were high. To see the general features of the diel
variation, mixing ratios from the individual measurements
were normalized to corresponding daily means from the days
on which the measurements were made, and the normalized
mixing ratios from different days were averaged to obtain
mean diel profiles for the whole campaign. Fig. 2 shows
the mean diel profiles for some n-alkane and aromatic hy-
drocarbons observed during the campaign. Although there
are slight differences between the profiles for different com-
pounds, the general features are consistent. Hydrocarbon
levels were relatively high at local midnight and decreased
towards the early morning. After 6:00 local time, they in-
creased rapidly, peaked at about 10:00, and then decreased
slowly until about 20:00. A similar diel cycle can be derived
from the PTR-MS measurements of benzene, though the diel
variation of benzene was not as strong as those shown in
Fig. 2 (see Salisbury et al., 2003, for diel cycles of some
other species and interpretations). There are several fac-

tors that may cause diel variations of hydrocarbon mixing
ratios, with source variability and reaction with OH being
the most important two for the hydrocarbons under consid-
eration. The mid-morning peaks in Fig. 2 seem to suggest
a significant local impact. During MINOS local emissions
were restricted to a few cars per day passing by the site. In
summer the Finokalia site is hardly influenced by emissions
from other parts of Crete due to the special local wind sys-
tem (Mihalopoulos et al., 1997). Because of the local orog-
raphy and sea-breeze oscillation the observed wind direction
changed from southwest to northwest in the early morning
and from northwest to southwest in the evening. The mid-
morning peaks in the diel profiles coincide with the switch
to northwest wind direction, which should suppress local in-
fluences. It may be excluded that the observed diel patterns
were caused by local emissions. It is likely that the diel varia-
tions at Finokalia are related to the concentration fluctuations
in the upstream. Although it seems unlikely for variations in
the source region to propagate to the receptor region over
such a large scale, the high reactivities of the hydrocarbons
and the strong diel variation in the OH abundance can cause
strong oscillations of the hydrocarbon concentrations along
the back trajectories. The diel patterns observed at Finokalia
may represent the modified and time-shifted diel cycles in
the source region.
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Table 2. ln[X]- 6[OH]t correlation results for different hydrocarbons and the respective literaturek values

Compound Correlation Slope±Error k ±Error Source ofk values
Coefficient 1012 cm3 mol−1 s−1 1012cm3 mol−1 s−1

Octane 0.30 2.8±1.0 5.3±1.2 Atkinson (1986)
Nonane 0.53 6.6±1.2 6.0±1.3 Atkinson (1986)
Decane 0.55 4.4±0.8 6.8±1.3 Atkinson (1986)
Undecane 0.45 4.5±1.0 8.3±0.2 Nolting et al. (1988)
Toluene 0.39 3.2±0.9 3.9±0.5 Atkinson and Aschmann (1989)
Ethylbenzene 0.33 3.3±1.0 4.5±1.3 Atkinson (1986)
o-Xylene 0.60 6.2±0.9 7.8±1.2 Atkinson and Aschmann (1989)
n-Propylbenzene 0.53 6.0±1.1 3.4±1.3 Atkinson (1986)
1-Methyl-2-ethylbenzene 0.67 12.3±1.6 7.9±0.8 Ohta and Ohyama (1985)
1,2,3-Trimethylbenzene 0.51 4.6±0.9 19.7±3.1 Atkinson and Aschmann (1989)
1,3,5-Trimethylbenzene 0.72 11.0±1.2 34.6±5.1 Atkinson and Aschmann (1989)
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3.3 Hydrocarbon-OH relationship

Since the reaction with OH is one of the key factors driv-
ing the concentration variations of reactive hydrocarbons,
one can expect certain hydrocarbon-OH relationships. The
relationship cannot easily be revealed by simply comparing
individual hydrocarbon measurements with the correspond-
ing average OH concentrations because the hydrocarbon lev-
els at any time depend on the previous source and sink
strengths. OH concentration integrated over a certain pe-
riod prior to the hydrocarbon measurement (i.e.

∫ 0
−T

[OH]dt)
may be a suitable quantity for a comparison with hydrocar-
bon measurements. Data from the MINOS campaign sup-

port this idea. Fig. 3 shows a negative correlation between
ln[Toluene] and

∑
[OH]t , with the later being the integral of

OH over a 24-h period before the hydrocarbon measurement
(i.e.

∑
[OH]t≡

∫ 0
−24[OH]dt). This negative correlation sug-

gests that lower hydrocarbon levels are related to higher pre-
vious OH levels (higher

∑
[OH]t). Similar correlations like

that shown in Fig. 3 (i.e. ln[X]=a−b
∑

[OH]t) were also
observed for the other hydrocarbons, with most of the corre-
lations being significant at the confidence level of 99% (see
Table 2).

The ln[X]−
∑

[OH]t correlations may be explained us-
ing a simplified box model. The temporal variation in the
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abundance of hydrocarbon X in a well-mixed box can be de-
scribed as

d[X]

dt
= S − k[OH][X], (1)

where [X] and [OH] are the mixing ratios of X and OH, re-
spectively;t is time; k is the rate constant for the reaction
of X with OH; S is the net physical source/sink of X, in-
cluding contributions from emissions, transport and dilution.
Note that the reactions of X with oxidants other than OH
(e.g. O3, NO3, etc.) are not considered in this simplified box
model, because for the hydrocarbons in consideration, these
reactions are at least one order of magnitude slower than the
reaction with OH under the campaign conditions. The model
also neglects deposition, which is probably of minor impor-
tance for the NMHCs considered. The analytical solution of
Eq. (1) for the time interval [0,t] is

ln[X] = ln([X]0 +

∫ t

0
Sek

∫ t
0 [OH]dtdt) − k

∫ t

0
[OH]dt, (2)

with [X]0 being the initial concentration of X. In laboratory
experiments,S can be set to zero and [OH] can be held con-
stant, so that the variation of hydrocarbon X can be described
by ln[X]= ln[X]0 − k[OH]t . In the atmosphere, the situation

is more complicated, since bothS and [OH] can vary con-
siderably. Because a nonzeroS alters the measured ln[X] as
well as [X]0, a perfect ln[X]-

∫ t

0 [OH]dt correlation seldom
exists in the atmosphere. Depending on the variability ofS,
a more or less degraded correlation will be observed. The
ln[X] −

∑
[OH]t correlations observed during the MINOS

campaign (see Fig. 3 and Table 2) represent fairly degraded
correlations. Although they are statistically significant, their
correlation coefficients (0.30–0.72) indicate that the OH re-
action accounted only for 9–52% of the variance of ln[X],
depending on compounds. The remainder is likely due to the
variability of theS term.

The perturbations fromS and [X]0 may also affect the in-
tercept and slope of the correlation line. If they are of mi-
nor importance, the slope of the observed ln[X]−

∑
[OH]t

correlation line can be treated as an estimated rate constant
(k) for the reaction of X with OH, obtained from an experi-
ment under real atmospheric conditions. During the MINOS
campaign, however,S varied significantly, so that the slopes
might have strongly deviated from thek values. Neverthe-
less, it is of interest to compare the slopes for different com-
ponents with the correspondingk values. In Fig. 4 the slopes
for components for which significant ln[X]−

∑
[OH]t corre-

lations were observed are plotted against the corresponding
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k values from the literature (Atkinson, 1986; Atkinson and
Aschmann, 1989; Nolting et al., 1988; Ohta and Ohyama,
1985). For most components the slopes agree with the liter-
aturek values within a factor of two. For the two trimethyl-
benzenes the slopes are about 3–4 times lower than thek val-
ues. The disagreement between the slopes and the k values
can be attributed to uncertainties caused by using the highly
simplified box model and by neglectingS and the [X]0 varia-
tion in the empirical approach and to errors in the slopes and
k values. For some components, e.g. the trimethylbenzenes,
large disagreements may indicate large systematic errors in
the measurements (see Sect. 3.1).

Use of the OH concentration integrated over a 24-h period
is not physically required, but empirically selected. Con-
sidering the short lifetimes (a few hours) of the hydrocar-
bons, a smaller timescale might seem more suitable for the
integration. However, the ln[X] −

∑
[OH]t correlations be-

come much less significant if OH is integrated over smaller
timescales. Best correlations are obtained using the 24-h in-
tegrals of OH. The 24-h period corresponds approximately to
the time for air masses to be transported from the mainland
coast to Finokalia (Salisbury et al., 2003). Since during the
transport the hydrocarbons are removed by OH, their con-
centrations observed at the measurement site are influenced
by the OH level along the back trajectories. The correla-
tions between local ln[X] and

∑
[OH]t suggest that the 24-h

integrals of local OH were probably representative of those
of OH along the back trajectories. As shown in Berresheim
et al. (2003), OH concentrations observed at Finokalia during
MINOS can be very well described by [OH]=aJ(O1D)0.68,
with a=1.4×1010, 1.7×1010, and 2.2×1010 s cm−3 for three
OH measurement periods, respectively. This simple relation-
ship explains 99% of the observed variance of OH. Dur-
ing MINOS clear sky conditions dominated over the East-
ern Mediterranean, therefore it is likely that the J(O1D) data
from Finokalia are applicable to the Eastern Mediterranean
region or are good approximations of J(O1D) at other loca-
tions of the region. In addition, the pre-exponential factora is
related to boundary conditions, mainly mixing ratios of O3,
CO, CH4. Since these species are less reactive, their tem-
poral and spatial variations within individual periods were
relatively small. In other words, both the chemical and ra-
diative fields on which [OH] depended were probably fairly
homogeneous over the Eastern Mediterranean region during
the MINOS campaign. Consequently, the 24-h integrals de-
rived from local OH measurements may be close to those one
would obtain from OH values along the back trajectories.

3.4 Sequential reaction model and photochemical age

In this work hydrocarbons and their degradation products
were simultaneously measured using the same GC×GC sys-
tem. Consequently, the in-situ GC×GC measurements can
be used for studying photochemical processing and testing
reaction mechanisms. This section shows an application of a

sequential reaction model to the measurements of ethylben-
zene and its products (see Fig. 5).

The sequential reaction model was proposed by Bertman
et al. (1995) and has been successfully used for interpretation
of ambient measurements of alkanes and alkyl/peroxyacetyl
nitrates (Bertman et al., 1995; Roberts et al., 1998, 2001),
and of isoprene and its products, i.e. methacrolein and
methylvinyl ketone (Stroud et al., 2001). The model de-
scribes the time dependence of the [product]/[precursor] ratio
in a reaction sequence like

A
ka

−→ B
kb

−→ C, (3)

whereka andkb are the rate constants for the reactions of an
oxidant (e.g. OH) with A and B, respectively. For a chamber
study with zero initial concentration of B, the model predicts

[B]

[A]
=

ka

kb − ka

(
1 − e(ka−kb)t

)
, (4)

where [A] and [B] are the concentrations of A and B at time
t , respectively.

The application of the model to ambient data requires a
number of assumptions, including (1) emission of the precur-
sor by a point source or an ensemble of similar sources, (2)
negligible contribution of other chemical/physical sources to
the product, (3) negligible background levels of the precursor
and product, (4) removal of the product only through photo-
chemical processes, and (5) constant kinetic parameters over
the period of reaction (Bertman et al., 1995; Roberts et al.,
2001). In the atmosphere it is often difficult to fulfill all the
assumed conditions. However, large deviations from the as-
sumptions may be revealed by comparing observed and pre-
dicted data, if all kinetic data are available. In some cases,
substantial differences between the observed and predicted
data can provide evidence of unknown processes (see e.g.
Bertman et al., 1995; Roberts et al., 1998, 2001).

Atmospheric ethylbenzene is mainly removed by OH-
initiated reactions. Although the rate constant for the
ethylbenzene+OH reaction has been well determined, little is
known about the detailed mechanism of ethylbenzene degra-
dation. It is believed that pathways of the ethylbenzene + OH
reaction include OH addition to the aromatic ring and OH
abstraction of an H-atom from the ethyl group, with the for-
mer leading to formation of ethylnitrophenols, furandiones,
etc., and the latter leading to formation of acetophenone, ben-
zeneacetaldehyde, and benzaldehyde (Hoshino et al., 1978;
Forstner et al., 1997). Note that both pathways require the
presence of O2 and NOx. Neglecting the rapid intermediate
reactions, the degradation of ethylbenzene via acetophenone
and benzeneacetaldehyde can be simplified as

EB
αk1
−→ AP

k2
−→products, (5)

EB
βk1
−→ BA

k3
−→products, (6)

where EB, AP, and BA denote ethylbenzene, acetophenone,
and benzeneacetaldehyde, respectively;k1, k2, andk3 are the
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rate constants for the reactions of OH with ethylbenzene,
acetophenone, and benzeneacetaldehyde, respectively; and
α andβ are the respective yields of acetophenone and ben-
zeneacetaldehyde. Although both acetophenone and benze-
neacetaldehyde may also be formed from other precursors
(see e.g. Bignozzi et al., 1981), ethylbenzene is probably the
predominant chemical source due to its high abundance. If
contributions of other precursors are neglected, the variations
of the mixing ratios of ethylbenzene ([EB]), acetophenone
([AP]), and benzeneacetaldehyde ([BA]) can be described by

d[EB]

dt
= −k1[OH][EB], (7)

d[AP]

dt
= αk1[OH][EB] − k2[OH][AP], (8)

d[BA]

dt
= βk1[OH][EB] − k3[OH][BA]. (9)

Assuming that [OH] takes its average value for the campaign,
analytical solutions for Eqs. (7)–(9) can be obtained. From
the solutions the following expressions can be derived

[AP]

[EB]
=

αkA

kB − kA

(
1 − e(kA−kB)t

)
+

[AP]0

[EB]0
e(kA−kB)t , (10)

[BA]

[EB]
=

βkA

kC − kA

(
1 − e(kA−kC)t

)
+

[BA]0

[EB]0
e(kA−kC)t , (11)

wherekA = k1[OH], kB=k2[OH], and kC=k3[OH]. As-
suming that the initial ratios of both products to ethylben-
zene are close to zero, the second term on the right-hand

side of Eqs. (10) and (11) can be neglected. In this case, the
[product]/[precursor] ratios are dependent only on time, and
the following relationship can be derived from the modified
Eqs. (10) and (11)

[AP]

[EB]
≈

α

β
·
kC − kA

kB − kA
·

1 − e(kA−kB)t

1 − e(kA−kC)t
·
[BA]

[EB]
. (12)

To see the actual relationship between [AP]/[EB] and
[BA]/[EB], the ratios have been calculated from the in-situ
measurements of ethylbenzene, acetophenone, and benze-
neacetaldehyde (Fig. 5). The ratios that were derived from
the measurements above the detection limits are plotted
against each other in Fig. 6. It appears that the two ratios
are linearly correlated within their ranges found at Finokalia.
A least-square fit gives a regression line with a negligible in-
tercept (0.4). The correlation is significant, as indicated by
the correlation coefficient (0.80).

It should be emphasized that some other factors may cause
similar correlation as that in Fig. 6. For example, one may
obtain correlations by comparing concentration ratios be-
tween any two of three reactive components that are pri-
marily emitted by common sources. In this case, the cor-
relations may be caused by dilution and parallel photochem-
ical decay of different components (see e.g. Roberts et al.,
1984; Rudolph and Johnen, 1990; McKeen and Liu, 1993).
Parallel decay and dilution should lead to similar trends in the
concentrations of all components. However, data in Fig. 5
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Fig. 6. Correlation between the ratios [acetophenone]/[ethylbenzene] and [benzeneacetaldehyde]/[ethylbenzene]. The vertical and horizontal
bars represent the estimated errors in the ratios. Photochemical ages, as derived from the [acetophenone]/[ethylbenzene] ratios, are coded in
color.

show that the concentrations of acetophenone and benze-
neacetaldehyde seem to be anti-correlated with that of ethyl-
benzene, inconsistent with the consequence of parallel de-
cay and dilution. In the present study and in Stroud et al.
(2001), two ratios that are partially dependent on each other
are compared. This is a substantial change to the original ap-
plications (Bertman et al., 1995; Roberts et al., 1998, 2001),
which used independent ratios. A drawback of such change
is that the correlation between the ratios cannot completely
be attributed to sequential reactions, because the variation
in the common denominator of the two ratios can cause an
“artificial” correlation, especially if the variations of the nu-
merators (e.g. concentrations of long-lived gases) are much
smaller than that of the denominator (e.g. a reactive gas).
Consequently, it should be avoided to correlate two [prod-
uct]/[precursor] ratios with each other, if the reactivity of the
products is much lower than that of the precursor. In the
present study, differences in the OH rate constant between
the products and precursor are less than a factor of 3 (see
the discussions later) and the variabilities of the products are
comparable to that of the precursor; therefore, it is likely that
the observed correlation shown in Fig. 6 is mainly a result of
sequential reactions.

It would be interesting to compare the empirical result
shown in Fig. 6 with the theoretical result from Eq. (12). Un-
fortunately, a direct comparison is impossible in the present
study because bothβ andkC in Eq. (12) are unknown. Nev-
ertheless, some postulations can be made on the basis of the
data shown here.

Since the observed lowest [BA]/[EB] and [AP]/[EB]
(close to 0.1 and 2, respectively) are very small in compari-
son with most of the measured values, the assumption of zero
initial [product]/[precursor] ratios seems to be valid for the
data set shown in Fig. 6. Although both acetophenone and
benzeneacetaldehyde are produced and used in perfumery,
flavor, and pharmaceutical industries, the fossil fuel emis-
sions of ethylbenzene are probably the predominant source,
so that the initial ratios at the source regions may be ne-
glected.

Rate constants at 298 K for the reactions of OH
with ethylbenzene and acetophenone are 7×10−12 and
2.7×10−12 cm3 molecule−1 s−1, respectively (Kwok and
Atkinson, 1995; Calvert et al., 2002). The slower reaction
of acetophenone with OH leads to an increase of [AP]/[EB]
with reaction time. Reports of the rate constant for the ben-
zeneacetaldehyde + OH reaction are currently lacking. Fig. 6
shows that about one fifth of the observed [BA]/[EB] ra-
tios are larger than unity, implying that benzeneacetalde-
hyde is less reactive than ethylbenzene. On the other hand,
it is likely that benzeneacetaldehyde reacts with OH more
rapidly than acetophenone does, because of the higher reac-
tivity of the -CHO group. Therefore, benzeneacetaldehyde
is probably more reactive than acetophenone and less reac-
tive than ethylbenzene. In other words, the rate constant for
the benzeneacetaldehyde+OH reaction is likely to be in the
range of 2.7–7×10−12 cm3 molecule−1 s−1. Assuming that
the rate constants for the reactions of OH with acetophenone
and benzeneacetaldehyde are close to each other, Eq. (12)
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can be approximated to[AP]

[EB]
≈

α
β

·
[BA]

[EB]
. This postulated

linear relationship between the ratios is consistent with the
linear correlation shown in Fig. 6. Comparing this approxi-
mate expression with the empirical equation given in Fig. 6,
and neglecting the small intercept observed empirically, an
α/β ratio of 28 may be obtained, suggesting that the yield
for acetophenone may be 28 times as high as that of benze-
neacetaldehyde. However, this value should be considered
as an upper limit, because the reactivity of benzeneacetalde-
hyde may be higher than that of acetophenone, as mentioned
above, so that a slope of 28 could still exist with a lowerα/β

value (see Eq. (12)).
To the best of our knowledge, there has been no report of

the yield of benzeneacetaldehyde from the ethylbenzene+OH
reaction. Measurements in the gas phase and in secondary or-
ganic aerosol (SOA) did not show benzeneacetaldehyde as a
product from photooxidation of ethylbenzene (Hoshino et al.,
1978; Forstner et al., 1997). Theoretically, this compound
could be formed via the abstraction of aβ-hydrogen atom
from the ethyl group. Hoshino et al. (1978) excluded the
possibility of this mechanism because they did not find a de-
tectable amount of benzeneacetaldehyde. However, it seems
likely that this compound is produced at a very low yield, so
that it is not easily observed. Based on the data of Hoshino
et al. (1978), the yield of acetophenone is close to 0.5. If 28
is a realistic value forα/β, the correspondingβ value should
be about 0.02. Complete separation of analytes and high sen-
sitivity of detection system are necessary to detect products
with such a low yield.

Sequential reaction models can be used to derive infor-
mation about the photochemical evolution of trace gases,
expressed as “photochemical age”, from the field measure-
ments of a precursor and its product. If the initial concen-
tration of the product is negligible, only kinetic data and ob-
served [product]/[precursor] ratios are needed, while in the
alternative method using the [tracer]/[tracer] ratio, the ini-
tial ratio between tracers of interest is necessary (see e.g.
Roberts et al., 1984; Rudolph and Johnen, 1990; Salisbury
et al., 2003). Photochemical ages of trace gases encountered
at Finokalia during MINOS were calculated from the ob-
served [acetophenone]/[ethylbenzene] ratios using Eq. (10).
The initial [acetophenone]/[ethylbenzene] ratio was assumed
to be zero. The yield of acetophenone (α) is assumed to be
0.5, based on the laboratory data of Hoshino et al. (1978). An
average OH abundance of 4.5×106 cm−3 (Berresheim et al.,
2003) was used and assumed to be applicable to all trans-
port ways of the air masses. The calculated photochemical
ages, coded in color in Fig. 6, lie in the range of 15–59 h,
with an average of about 37 h. Since the age calculation in-
cludes only data points with ethylbenzene above the detec-
tion limit, the average photochemical age may be slightly un-
derestimated. The estimated trace gas ages suggest that pol-
lutants had experienced 15–59 h of reaction before arriving
at Finokalia, corresponding to transport distances of∼400–
1600 km at an average windspeed of 7.4 m s−1. These limits

are approximately the distances from Finokalia to the coasts
of Greece and Turkey and to the East European countries,
including Bulgaria, Romania, and Ukraine, respectively.

Salisbury et al. (2003) estimated the trace gas ages
for the same site and time periods 1–3 using average
[toluene]/[benzene] ratios. The estimated average ages were
34 h and 15 h for periods 2 and 3, respectively. Average
ages from the present study are 25±6 h for period 2 and
22±4 h for period 3. Although the different sampling rates
used for the PTR-MS and GC×GC measurements and gaps
in GC×GC measurements may have effects on the estimated
average photochemical ages, the estimated ages from both
methods agree reasonably well.

The results from the sequential reaction model should
be treated with caution although they seem sound. There
may be large uncertainties caused by correlating two [prod-
uct]/[precursor] ratios that are partially dependent on each
other, by applying assumptions that may be invalid, and
by neglecting some important factors. Correlating two par-
tially interdependent [product]/[precursor] ratios seems not
to significantly change the relationship between the ratios,
as implied by the data in a previous study (Stroud et al.,
2001). However, it cannot be tested presently whether or
not the fitted slope (28) in Fig. 6 is close to the theoret-
ical value, due to the lack of literature kinetic data. Al-
though the rate constant for benzeneacetaldehyde can be esti-
mated using the structure-activity relationship (SAR), a con-
clusive result cannot be obtained. The main problem here
is the large uncertainty in the estimatedk values. The es-
timatedk values for 12 aromatic compounds agree at best
to a factor of 2 with the observations (Kwok and Atkin-
son, 1995). For example, the estimatedk for acetophenone
is 7.4×10−13 cm3 molecule−1 s−1, while the observed value
is 2.7×10−12 cm3 molecule−1 s−1, about a factor of 4 dis-
agreement. To estimate the rate constant for benzeneac-
etaldehyde, the electrophilic substituent constant (6σ+) for
−CH2CHO is needed. Unfortunately this constant is not
available. Since H abstraction by OH seems to be the main
pathway for the benzeneacetaldehyde + OH reaction, the
lower limit of the k value for benzeneacetaldehyde can be
estimated by neglecting the contribution of OH addition to
aromatic ring. Without OH addition to aromatic ring, the
estimatedk value is 2.2×10−11 cm3 molecule−1 s−1, about
3 times of thek value for ethylbenzene. If this estimated
k value for benzeneacetaldehyde is realistic and there is
no other benzeneacetaldehyde source, the [BA]/[EB] ratio
should be smaller than unity. However, about one fifth of
the observed [BA]/[EB] ratios are larger than unity, implying
that either benzeneacetaldehyde is less reactive than ethyl-
benzene or there are significant unknown chemical sources of
benzeneacetaldehyde. Since the SAR results are highly un-
certain and no additional chemical sources contributing sig-
nificantly to the [BA]/[EB] ratio have been reported, a more
realistic case (i.e., benzeneacetaldehyde is less reactive than
ethylbenzene and there is no additional contribution from
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other chemical sources of benzeneacetaldehyde) is assumed
in previous analyses. However, it cannot be completely ruled
out that benzeneacetaldehyde is actually more reactive than
ethylbenzene. In addition, benzeneacetaldehyde may be pho-
tolyzed and neglecting background levels of the precursor
and products may be problematic. While the background
may be insignificant for ethylbenzene and benzeneacetalde-
hyde, it is probably not negligible for acetophenone, which
showed concentrations of 20–200 pptv during MINOS. An-
other problem may be the application of the sequential re-
action model to data from a remote site that is hundreds to
thousands of kilometers distant to continental sources. Such
large distances increase the possibility of collecting air af-
fected by very different sources, which may cause additional
errors in the results.

4 Conclusions

Atmospheric VOCs at Finokalia, Crete, were measured dur-
ing MINOS using the novel GC×GC technique. The ob-
served mean mixing ratios of C7−C11 aromatics and n-
alkanes were 1–2 orders of magnitude lower than those ob-
served at a suburban site of Athens, suggesting that Finokalia
is far from the sources, being predominantly anthropogenic.
In spite of the remoteness of Finokalia, influences of anthro-
pogenic hydrocarbons on the photochemistry at the site are
not negligible in terms of the OH reaction. Even if only the
primary reaction with OH is considered, the summed, aver-
age reactivity caused by the hydrocarbons considered in this
paper is 18% of that caused by CH4. Since heavier hydro-
carbons, especially aromatics, produce a lot of reaction in-
termediates that contribute to O3 chemistry and that may be
precursors of organic aerosols, the role of long-range trans-
port of these hydrocarbons to remote regions warrants further
study.

Mixing ratios of the hydrocarbons were in the pptv to sub-
ppbv range, showing significant day-to-day and diurnal vari-
ations. These variations were caused partially by changes
in the OH abundance, but to a larger extent by varying hy-
drocarbon sources, as shown by the analysis using a simpli-
fied box model. Comparing ln[X] with

∑
[OH]t makes clear

the influence of OH concentration on the hydrocarbon con-
centrations, which is hardly visible if instantaneous [X] and
[OH] are compared. Another advantage of such comparison
is that it allows derivation of correlation line slopes, which
are equivalent to the rate constants for the X+OH reactions,
estimated under atmospheric conditions. In spite of the vary-
ing source strengths, the slopes for most components agree
with the literaturek values within a factor of two.

The strong separation power of the GC×GC technique
makes the simultaneous measurement of many VOCs more
reliable. There is a great need for reliable field measure-
ments of atmospheric hydrocarbons and their degradation
products for use in studies of photochemical processing, such

as testing reaction mechanisms and validating model results.
As an example, the present paper shows the application of
a sequential reaction model to the interpretation of the ob-
served relationship between [acetophenone]/[ethylbenzene]
and [benzeneacetaldehyde]/[ethylbenzene]. Acetophenone
and benzeneacetaldehyde are two of the potential prod-
ucts of the ethylbenzene+OH reaction. Although theoreti-
cal mechanisms indicate the possibility of benzeneacetalde-
hyde as a product, this compound has not been detected
as a product of the ethylbenzene photooxidation in lab-
oratory studies. Based on results from this study, it is
likely that benzeneacetaldehyde is produced in the reac-
tion, albeit in rather small yield. The rate constant for the
benzeneacetaldehyde+OH reaction has not previously been
reported. The SAR analysis suggests that the rate constant
may be larger than 2.2×10−11 cm3 molecule−1 s−1. How-
ever, such a large rate constant is inconsistent with the
[benzeneacetaldehyde]/[ethylbenzene] data from the present
study. Laboratory experiments are necessary to address this
issue. Photochemical ages of trace gases sampled at Fi-
nokalia have been estimated using the sequential reaction
model and related data. They lie in the range of 0.5–2.5 days,
supporting the idea that pollutants were mainly transported
from East European countries to the East Mediterranean dur-
ing MINOS.
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