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Abstract. During the summertime CYPHEX campaign
(CYprus PHotochemical EXperiment 2014) in the eastern
Mediterranean, multiple volatile organic compounds (VOCs)
were measured from a 650 m hilltop site in western Cyprus
(34◦ 570 N/32◦ 230 E). Periodic shifts in the northerly Etesian winds resulted in the site being alternately impacted by
photochemically processed emissions from western (Spain,
France, Italy) and eastern (Turkey, Greece) Europe. Furthermore, the site was situated within the residual layer/free troposphere during some nights which were characterized by
high ozone and low relative humidity levels. In this study
we examine the temporal variation of VOCs at the site.
The sparse Mediterranean scrub vegetation generated diel
cycles in the reactive biogenic hydrocarbon isoprene, from
very low values at night to a diurnal median level of 80–
100 pptv. In contrast, the oxygenated volatile organic compounds (OVOCs) methanol and acetone exhibited weak diel
cycles and were approximately an order of magnitude higher
in mixing ratio (ca. 2.5–3 ppbv median level by day, range:
ca. 1–8 ppbv) than the locally emitted isoprene and aromatic
compounds such as benzene and toluene. Acetic acid was
present at mixing ratios between 0.05 and 4 ppbv with a median level of ca. 1.2 ppbv during the daytime. When data

points directly affected by the residual layer/free troposphere
were excluded, the acid followed a pronounced diel cycle,
which was influenced by various local effects including photochemical production and loss, direct emission, dry deposition and scavenging from advecting air in fog banks. The
Lagrangian model FLEXPART was used to determine transport patterns and photochemical processing times (between
12 h and several days) of air masses originating from eastern and western Europe. Ozone and many OVOC levels were
∼ 20 and ∼ 30–60 % higher, respectively, in air arriving from
the east. Using the FLEXPART calculated transport time, the
contribution of photochemical processing, sea surface contact and dilution was estimated. Methanol and acetone decreased with residence time in the marine boundary layer
(MBL) with loss rate constants of 0.74 and 0.53 day−1 from
eastern Europe and 0.70 and 0.34 day−1 from western Europe, respectively. Simulations using the EMAC model underestimate these loss rates. The missing sink in the calculation is most probably an oceanic uptake enhanced by microbial consumption of methanol and acetone, although the
temporal and spatial variability in the source strength on the
continents might play a role as well. Correlations between
acetone and methanol were weaker in western air masses
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(r 2 = 0.68), but were stronger in air masses measured after
the shorter transport time from the east (r 2 = 0.73).

1

Introduction

The island of Cyprus is situated on the southeastern edge of
the European Union. During the summer months, the east–
west pressure gradient between the quasi-permanent south
Asian monsoon low, the Persian trough and the Azores high
induces northerly winds (Etesians), that overcome the westerly flow that is typical at temperate latitudes. The varying influences from the westerly and northerly winds make
Cyprus an ideal vantage point to examine photochemically
processed air from eastern and western Europe. Despite a
modest population (1.15 million in 20141 ) and few industrial
emissions, the EU ozone air quality standard is regularly exceeded (Kourtidis et al., 2002; Kouvarakis et al., 2002; Gerasopoulos et al., 2005; Kalabokas et al., 2007, 2008, 2013;
Doche et al., 2014; Kleanthous et al., 2014). The excess
ozone is formed in sunlit conditions when volatile organic
compounds (VOCs), emitted from countries to the north and
west of Cyprus, are oxidized in the gas phase by the atmosphere’s primary oxidant, the OH radical in the presence
of NOx (NO + NO2 ; Atkinson, 1990). In addition to ozone,
numerous other secondary oxidants are formed including a
suite of oxidized volatile organic compounds (OVOCs) such
as alcohols (e.g. methanol), carbonyls (e.g. acetone) and organic acids (e.g. acetic acid). In this study we exploit the
location and dual meteorological flow regime to investigate
the abundance, temporal behavior, dependence on origin and
the influence of the residual layer/free troposphere on VOCs.
Moreover, we exploit the island location to investigate the influence of the sea on VOCs since air from eastern and western Europe was advected with variable transport times to the
site within the marine boundary layer. The effect of the ocean
on many VOCs, particularly OVOCs, can be significant and
variable in latitude (Yang et al., 2013, 2014), biological activity (Taddei et al., 2009) and time of the day (Sinha et al.,
2007).
Several extensive studies of VOCs have been conducted
previously in the Mediterranean area which have highlighted
the relevance of anthropogenic, biogenic and biomass burning sources for regional chemistry. Airborne measurements
have shown that the Mediterranean atmosphere is a cross
roads for global pollution, with boundary layer chemistry
driven by emissions from the European mainland, whereas
the mid-troposphere (4–8 km) is influenced by North American emissions and above this, monsoon outflow from Asia
(Lelieveld et al., 2002). Measurements taken on Crete approximately 1 day downwind of mainland Greece revealed
the enormous complexity of VOCs in the region (Xu et al.,
2003). Moreover, it has been shown that the mixing ratios
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of many VOCs, especially OVOCs, in the Mediterranean
strongly depend on long-distance transport and are periodically influenced by biomass burning (Salisbury et al., 2003;
Holzinger et al., 2005). Reactive biogenic species such as
isoprene have also been shown to be emitted from Mediterranean vegetation (Kesselmeier et al., 1996; Liakakou et al.,
2007). To this end we have examined the behavior of an alcohol (methanol), a carbonyl (acetone) and an acid (acetic
acid).
Methanol is primarily emitted from plants (Galbally and
Kirstine, 2002), with a relatively small photochemical production term in the estimated global budget, 37 Tg yr−1 from
a total of 242 Tg yr−1 found by Millet et al. (2008). However,
recent model calculations by Müller et al. (2016) revealed
that the photochemical reaction between methyl peroxy and
hydroxyl radicals is, depending on the region, a significant
source for methanol. The reaction was found to result in
115 Tg yr−1 of methanol, which is in the range of the global
terrestrial emissions. For example Millet et al. (2008) list a
methanol source from terrestrial plant growth of 80 Tg yr−1
and from plant decay of 23 Tg yr−1 . One of the main sinks
of methanol is the oxidation by OH, while the role of the
ocean is not completely characterized: Millet et al. (2008)
report a methanol sink via OH oxidation of 88 Tg yr−1 of a
total sink of 242 Tg yr−1 . Furthermore Millet et al. (2008)
state an oceanic source of 85 Tg yr−1 and an oceanic sink
of 101 Tg yr−1 which result in a net sink of 16 Tg yr−1 . Jacob et al. (2005) found a loss of methanol via the reaction
with OH of 129 Tg yr−1 and an oceanic net sink of 10 Tg yr−1
from a total sink of 206 Tg yr−1 .
According to Fischer et al. (2012) the global acetone
budget sums up to 146 Tg yr−1 , 32 Tg yr−1 being terrestrial
emissions from biosphere and 31 Tg yr−1 being photochemical production (26 Tg yr−1 from isoalkanes, mainly anthropogenic, 5 Tg yr−1 biogenic). The main acetone sinks are
photolysis and reaction with OH: Fischer et al. (2012) report a loss of 33 Tg yr−1 by OH oxidation and 19 Tg yr−1
by photolysis from a total sink of 146 Tg yr−1 . Depending
on the season and geographical location the ocean can either be a sink (82 Tg yr−1 ) or a source (80 Tg yr−1 ) of acetone (Fischer et al., 2012). Khan et al. (2015), on the other
hand, calculate a global acetone source of 72.7 Tg yr−1 , of
which 55.6 Tg yr−1 are photochemical production from αpinene, β-pinene and propane and 17.1 Tg yr−1 direct emission. From the total sink of 72.9 Tg yr−1 , 30.8 Tg yr−1 represent OH oxidation, 30.3 Tg yr−1 photolysis and 11.8 Tg yr−1
dry deposition and the ocean is regarded as being globally
in a near-equilibrium state (Khan et al., 2015). A global acetone source of 95 Tg yr−1 was given by Jacob et al. (2002).
The main contributions are emissions by terrestrial vegetation (33 Tg yr−1 ), by the ocean (27 Tg yr−1 ) and the oxidation of isoalkanes (21 Tg yr−1 ). Jacob et al. (2002) determined a sink by OH reaction of 27 Tg yr−1 and by photolysis
of 46 Tg yr−1 from a total loss of 95 Tg yr−1 .

1 http://data.worldbank.org/country/cyprus
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Most of the acetic acid budget is in situ photochemical production, about 59 Tg yr−1 from a total source of 86 Tg yr−1 .
The total acetic acid sink of 86 Tg yr−1 consists of approximately one-third photochemical loss (25 Tg yr−1 ), one-third
wet deposition (27 Tg yr−1 ) and one-third dry deposition
(31 Tg yr−1 ; Paulot et al., 2011).
Using the rate coefficient for each OVOC provided by IUPAC (Atkinson et al., 2006) and the diel mean OH concentration of 2 × 106 molec cm−3 measured during the campaign,
the following atmospheric lifetimes with respect to the removal by OH were calculated: 6 days for methanol, 32 days
for acetone and 8 days for acetic acid.
This study was designed to investigate the chemical characteristics of polluted air emerging from the European continent which is then photochemically processed over the
Mediterranean Sea between 12 h and several days en-route
to the island of Cyprus. It is therefore in contrast with
most atmospheric chemistry campaigns that generally investigate source-impacted locations (e.g. in forests and megacities). The novelty of the CYPHEX (CYprus PHotochemical EXperiment) campaign for VOC research was fourfold:
firstly, the relative local impacts on biogenic and transported
VOCs were assessed; secondly, eastern and western European outflow was chemically characterized and contrasted;
thirdly, the impact of air masses originating from the residual
layer/free troposphere was examined and fourthly, the influence of summertime Mediterranean marine boundary layer
transport on OVOCs was investigated.
2

Experiment

2.1

Site

The measurement site (Ineia) is situated on the northwest
coast of Cyprus at the top of a 650 m hill located ca. 10 km
from the shoreline (34◦ 570 N/32◦ 230 E). The surrounding
area (5 km radius) is rural in character, comprising of farmland and a few small villages (e.g Ineia population 3672 ).
Extending 25 km to the northwest was the Akamas National
Park and to the northeast the terrain descended rapidly to
the city of Polis (population 19753 ) at sea level. Although
Cyprus has a population of over 1 million their emissions
do not influence this data set since no Cypriot cities or industries lie upwind of the site. Instead the measurements analyzed here represent the transported and photochemically
processed pollution emerging from eastern and western Europe. The vegetation is sparse and scrub like. Small trees
such as the native pine (Pinus brutia), juniper (Juniperus
phoenicea) and olives (Olea europaea), carob (Ceratonia
siliqua) are interspersed amidst low-lying bushes such as Inula viscosa and Foeniculum vulgare. In addition small groves
of vines, almonds and pomegranates are kept by some local
2 http://www.populationlist.com
3 http://www.populationlist.com
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farmers. In summer, Cyprus is normally influenced by the
Etesian winds, which bring air masses from the north (from
eastern Europe, and crossing Turkey and Greece). However,
in 2014 a southward displacement of the storm track and associated synoptic weather systems weakened the east–west
pressure gradient (Tyrlis et al., 2015), delaying the onset of
the Etesian winds and causing periodic influence of air advected from the west over the Mediterranean Sea. Despite
clear variation in air mass origin during this campaign (12
July–3 August 2014) the local wind direction at the site was
primarily SW (ca. 70 %; see Fig. 1).
2.2

Instrumentation

Measurement instruments were installed in four airconditioned laboratory containers, positioned in two stacks
of two with a 8 m tall, 0.5 m diameter, high flow
(10 m3 min−1 ) common inlet situated between the stacks
(see Fig. 1). The common inlet was designed to minimize
wall losses of species in air drawn from the 8 m-high sampling point, and to avoid small-scale measurement differences caused by individual inlet positioning. For the measurement of VOCs a slower subsample flow (5 L min−1 ) was
drawn through insulated and heated (ca. 35 ◦ C) Teflon lines
(OD = 1.27 cm) installed perpendicular to the direction of
main inlet flow and into the VOC group measurement container. This air was analyzed by a proton-transfer-reaction
time-of-flight mass spectrometer (PTR-TOF-MS), an OH reactivity system, two gas chromatography systems with a
flame ionization detector (GC-FID) and one gas chromatography system combined with a mass spectrometer (GC-MS).
2.2.1

Proton transfer reaction time-of-flight mass
spectrometer

Online VOC measurements were performed with a PTRTOF-MS (Ionicon Analytik GmbH, Innsbruck, Austria).
This instrument has been described in detail elsewhere
(Graus et al., 2010; Veres et al., 2013). Post-acquisition data
analysis was performed using the program PTR-TOF Data
Analyzer, which is detailed elsewhere (Müller et al., 2013).
The time resolution of the measurements was 1 min, but for
the data analysis in this publication 10 min average values
were used. The background signal was determined every 2 h
for 20 min by passing air through a catalytic converter containing platinum-coated pellets heated to 320 ◦ C. The drift
pressure was maintained at 2.20 mbar and the drift voltage
at 600 V (E/N 137 Td). To perform mass scale calibration
1,3,5-trichlorobenzene was continuously bled into the sample stream as an internal standard.
At the beginning and at the end of the campaign a comprehensive 4-point calibration of the instrument (spanning the
measured range of compounds) was performed at four and
three different humidities, respectively. The humidity level
was determined by using the ratio between the isotope of the
Atmos. Chem. Phys., 17, 9547–9566, 2017

9550

B. Derstroff et al.: VOCs in photochemically aged air

Figure 1. Map of the Mediterranean basin (source: Google). The white arrow shows the inflow from western Europe and the red the inflow
from eastern Europe. On the right hand side a wind rose displaying the dominant wind direction and a picture of the laboratory containers
can be seen.

water cluster and the isotope of the primary ion and this ratio lay between 0.07 and 0.3 for the different calibrations.
These values correspond approximately to a range of 25 to
80 % relative humidity. A commercial gas standard (ApelRiemer Environmental) containing 14 compounds was used.
Great care was taken to account for the humidity dependence
in each data point. The sensitivity of the instrument for each
individual data point was derived from a linear interpolation
over time between the two calibrations and corrected for the
co-measured ambient relative humidity at that time. The decrease in sensitivity between the two calibrations (2.5 weeks
apart) were generally modest, ranging from 10 (e.g. isoprene)
to 23 % (e.g. methanol).
Most compounds measured by PTR-TOF-MS show a
more pronounced humidity dependence between 0 and ca.
15 % relative humidity (whereby dry conditions are most
sensitive), but with increasing humidity the dependency
weakens so that decreases in sensitivity in the upper humidity
range are very small. This behavior, which was described by
an exponential fit function, was observed for all compounds
except isoprene and methanol. Isoprene shows almost no humidity dependency, because its reaction rates with the primary ion and the water cluster have roughly the same value as
has been previously reported by Smith et al. (2001). The variations in the sensitivity for methanol did not show the same
characteristic exponential behavior described above, so no
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interpolation was made. However, since the values showed a
variation of only 5–10 %, an averaged calibration factor was
used instead. The underlying reason for this anomalous behavior is not known in the case of methanol.
Detection limits for each species quantified were determined by calculating the standard deviation of each background measurement. The highest value of these standard
deviations was multiplied by 3 to give the detection limit
(3σ , 1 min time resolution). The results lay between 8 pptv
(e.g. monoterpenes) and 242 pptv (methanol). 1 pptv corresponds to 1 × 10−12 mol mol−1 . The total uncertainty is defined by the statistical error, which was calculated from the
noise and the systematic error. The latter contains the error
of the calibration, the flow measurements, the calibration gas
bottle accuracy as well as the maximum error occurring due
to changes in sensitivity. For acetaldehyde an extra term was
added that takes problems during background measurements
into account. During a few periods of the campaign the ambient humidity was below the lower limit of the calibrated
humidity range. The absence of a trend for methanol and isoprene precluded interpolation, while the exponential fit for
the other compounds is afflicted with a higher error in this
range. The variation in sensitivity in the range below 25 %
relative humidity was estimated from previous measurements
in our laboratory and was included in the error calculation.
The values of the total uncertainty within the calibrated range
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varied between 10 % (e.g. isoprene, acetone) and 37 % (e.g.
methanol) and increased to a maximum of 41 % (methanol)
in the low humidity range.
A comparison between GC-MS and PTR-TOF-MS
data revealed a possible contamination from 26 July ca.
11:40 UTC to 28 July ca. 09:30 UTC in isoprene, the sum
of the monoterpenes and the sum of the xylenes. These data
points were not considered in the analysis. On the other hand,
a comparison between GC-FID, GC-MS and PTR-TOF-MS
data for benzene and toluene showed a good agreement.
Therefore it was concluded that not all compounds were affected by the contamination. Except for an unnatural spike
in acetic acid and acetaldehyde within this period, no further
cutting was performed, because no direct comparison with
other instruments was possible.
Acetic acid was calibrated separately by the use of a permeation source, because it was not included in the pressurized gas standard. Literature confirms that the calibration
of the PTR-TOF-MS for acetic acid represents a challenge:
Warneke et al. (2001) found no humidity dependency, Feilberg et al. (2010) report a linear relation while Haase et al.
(2012) state that the behavior strongly depends on the instrument itself. For the acid only one calibration was performed in the field with two different humidities. After the
campaign a second calibration was done in the laboratory
at three different humidities. In our case the calibration after the campaign is likely the more reliable one, because it
was performed at more humidity levels using more calibration steps than those in the field. Still, this calibration in the
laboratory was done after the instrument was transported so
that we cannot exclude that the sensitivity had changed. Linear interpolations between the calibration factors of different
humidities measured in the laboratory and in the field were
performed. It was found that in both cases the sensitivity decreased with increasing humidity. The calibration factors obtained in the field and in the laboratory differed by a factor
of ca. 2.5. Therefore the fit parameters of both linear regressions were averaged and the resulting mean fit function was
used to calculate the calibration factor according to the humidity at the time. An error of 45 % was determined, so that
the fit function measured in the laboratory as well as the one
determined in the field were included in the error range. This
discrepancy, together with other uncertainties such as problems during background measurement, led to a high total uncertainty of 51 % and the detection limit amounts to 264 pptv.
Acetic acid was measured at mass 61.0284 amu, but its
mixing ratios must be considered as upper limits, because the
PTR-TOF-MS is not able to distinguish between acetic acid
and its isomer glycolaldehyde (Baasandorj et al., 2014). Furthermore, fragments of peroxyacetic acid (PAA) and ethyl
acetate can also be measured on the exact mass of acetic
acid (Baasandorj et al., 2014). However, since the sources
of ethyl acetate are mainly anthropogenic and the measurement site was remote, we assume that the influence of ethyl
acetate was negligible. This assumption is supported by the
www.atmos-chem-phys.net/17/9547/2017/
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finding that the signal at 61.0284 amu was significantly reduced during periods when the site was impacted by fog,
indicating that the responsible trace gas was highly soluble
in water. The potentially interfering molecule ethyl acetate is
not nearly as soluble: 0.059 mol m−3 Pa−1 in comparison to
40–46 mol m−3 Pa−1 for acetic acid; see Sander (2015).
The PTR-TOF-MS was not calibrated for PAA and only
detected it with low count rates (ca. 0.3 ncps) at mass
77.0233 amu for a few days of the campaign. Španěl et al.
(2003) reported that 90 % of protonated PAA is measured at
the exact mass of acetic acid, while 10 % are recorded at the
mass of the mother ion (77.0233 amu). If this is taken into
account, PAA would only influence acetic acid to ∼ 10–15 %
because of the low count rates.
A chemical ionization mass spectrometer (CIMS) designed to measure PAA was operated in two modes during
the campaign (Phillips et al., 2013). From ∼ 17 to 24 July
the CIMS measured PAA only and found very low values
close to the detection limit. From ∼ 26 July to the end of the
campaign the collisional dissociation parameters were adjusted and PAA and acetic acid were detected on the same
mass (59 amu). It was only discovered after CYPHEX that
the CIMS measured not only PAA but also acetic acid, and
the approximate, relative sensitivity to PAA and acetic acid
was only determined a year later. For this reason, the absolute
values for the CIMS data are highly uncertain, but indicate
that PAA levels were substantially lower than those of acetic
acid. Figure 2 displays the acetic acid and the PAA traces as
well as their correlation and it can be seen that the PAA data
without accompanying detection of acetic acid (black line)
showed very low values between 0 and 200 pptv from ∼ 17
to 24 July. The later period from ∼ 26 July to 3 August exhibited much higher signals due to the sum of PAA and acetic
acid (red line). The correlation in the CIMS and the PTRTOF-MS time profiles for the later period with a correlation
factor of 0.74 suggests that most of this is due to acetic acid.
A direct comparison between the absolute acetic acid values measured by the CIMS and the PTR-TOF-MS system is
not possible, because the CIMS signal was analyzed as PAA.
Still, due to the very low PAA levels it can be concluded
that the potential interference in the PTR-TOF-MS signal for
acetic acid is small compared to the 51 % total uncertainty of
the acetic acid measurements.
The main sources of glycolaldehyde, which is an isomer
of acetic acid and can therefore not be distinguished from
the acetic acid signal, are biomass burning and secondary
production from isoprene and ethene degradation (Niki et al.,
1981; Paulson and Seinfeld, 1992). Since the acetonitrile levels stayed low during the whole campaign we can exclude
a significant influence of biomass burning. Furthermore, as
will be shown in the results section, isoprene levels were low
due to the scarce vegetation, and low local anthropogenic
emissions occurred. The atmospheric lifetime of glycolaldehyde was calculated by taking the removal by OH and photolysis into account. During the campaign an average OH
Atmos. Chem. Phys., 17, 9547–9566, 2017
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Figure 2. Time traces of peracetic acid (black) and the sum of peracetic and acetic acid (red) measured by CIMS as well as acetic acid
measured by PTR-TOF-MS (10 min mean values). The upper left plot shows the correlation between PTR-TOF-MS and CIMS data from 26
July to the end of the campaign.

concentration of ∼ 2 × 106 molec cm−3 and an average photolysis rate of ∼ 3 × 10−6 s−1 were determined. Using a reaction rate of 8.0 × 10−12 cm3 molec−1 s−1 provided by IUPAC (Atkinson et al., 2006) a lifetime of ∼ 15 h was calculated. Wet and dry deposition were not considered in this
calculation and would reduce the lifetime even further. In
most cases the air masses measured remained roughly 12 h to
5 days over the Mediterranean Sea before reaching Cyprus.
This would mean that some glycolaldehyde could survive
transport, especially during the night, but the amount is expected to be small. Since there is no known ocean source for
glycolaldehyde, we can assume that this compound has only
a minor effect on the acetic acid signal.
For the reason stated above the remainder of this paper
treats mass signals 33.0335, 59.0491 and 61.0284 amu as
methanol, acetone and acetic acid, respectively.
2.2.2

Monoterpenes, ozone, CO, OH and
meteorological parameters

Isoprene and monoterpenes (α-pinene, β-pinene , 1-3carene and limonene) were also quantified by a commercial
GC-MS system (MSD 5973; Agilent Technologies GmbH)
combined with an air sampler and a thermal desorption
unit (Markes International GmbH). The sample interval was
45 min, the sampling time amounted to 20 min, while calibrations were carried out every 8–12 samples with a commercial
gas standard mixture (National Physical Laboratory, UK).
The total uncertainty was ca. 15 % and the detection limit 1–
2 pptv. Due to co-elution of β-pinene and 1-3-carene, a separation was not possible and therefore the signal was treated
Atmos. Chem. Phys., 17, 9547–9566, 2017

as the sum of the two species. Further information can be
found in Meusel et al. (2016).
Ozone was monitored using a UV Photometric O3 Analyzer (model 49, Thermo Environmental Instruments, US) The detection limit was 2 ppbv
(1 ppbv = 1× 10−9 mol mol−1 ) and the overall uncertainty
less than 5 %.
CO was measured by a room-temperature quantum
cascade laser (RT-QCL; Li et al., 2012). The instrument uses wavelength modulation absorption spectroscopy
(2190 cm−1 ) over a path length of 36 m to measure CO at a
time resolution of 1 s. The detection limit was determined to
be 0.4 ppbv and the overall uncertainty at 14.4 %.
Atmospheric OH was recorded during CYPHEX using the
HORUS (Hydroxyl Radical Measurement Unit based on fluorescence Spectroscopy) instrument based on the LIF-FAGE
(laser-induced fluorescence – Fluorescence Assay by Gas
Expansion) technique for atmospheric OH measurements.
For further information please refer to Novelli et al. (2014);
Hens et al. (2014); Martinez et al. (2010). The precision for
OH measurements is 4.8 × 105 molec cm−3 for 4 min time
resolution. The accuracy for OH measurements is 28.5 %
(2σ ).
The weather station Vantage Pro2 (Davis Instruments
Corp., Hayward, CA) was used to measure temperature, pressure, wind direction and speed, solar radiation and humidity
with a time resolution of 1 min.
A Jenoptik CHM15k ceilometer was used to observe the
aerosol backscatter profile, and the STRAT-2D algorithm
(Haeffelin et al., 2012) to calculate the mixed-layer height
from this observed aerosol backscatter profile.

www.atmos-chem-phys.net/17/9547/2017/
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2.3
2.3.1

Modeling
FLEXPART model

The dynamical transport history of air reaching Cyprus during the CYPHEX campaign was determined by using the Lagrangian particle dispersion model FLEXPART (Stohl et al.,
2002, 2005, 2007). It computes trajectories of infinitesimally
small air parcels (so-called particles) to describe the transport
and diffusion of tracers (Stohl et al., 2005). Thereby mean
winds interpolated from analysis fields and turbulence represented by random motions are used (Stohl et al., 2007).
In this study, FLEXPART was run backward in time from
the measurement site driven with analyses from the ECMWF
with 0.2 ◦ × 0.2 ◦ horizontal resolution (derived from T799
spectral truncation), a vertical resolution of 137 model levels and temporal resolution of 1 h, which was a combination
of 6 h analyses and short-term forecasts. Backward simulations were made for 3 h time intervals between 12 July 2014
and 3 August 2014 and for each interval 10 000 passive air
tracer particles were released and followed backward in time
for 120 h. The distribution of tracer particles was analyzed
during the 120 h simulation and this led to a particle density
distribution describing the residence time in each cell of a
defined geographical grid. Column time integration of residence times resulted in a horizontal distribution indicating
the total upwind area of influence. Regions of higher residence times during the simulation period identified major
transport routes of air reaching the site.

2.3.2

CAABA/MECCA

To investigate photochemical processing over the ocean, the
observations were compared to simulations with the chemical box model CAABA/MECCA (Sander et al., 2011). We
used version 3.8, which includes the recently developed comprehensive organic reaction scheme MOM (Mainz Organics
Mechanism) by Lelieveld et al. (2016). Focusing on organics,
we switched off halogen and sulfur chemistry, as well as heterogeneous and aqueous phase reactions in view of the low
cloudiness and aerosol concentrations. Initial values based
on the EMAC model (Jöckel et al., 2016) are available in the
Supplement together with a complete list of chemical reactions used in this study, rate coefficients and references (see
Supplement S3 and S5). Photolysis rate constants were calculated for the latitude of Cyprus. The model simulated a
period of 2 days, starting on 19 July at 06:00. No further
emissions were injected during the model run, except ozone
to simulate its entrainment from the residual layer/free troposphere into the boundary layer. Dry deposition as well as
uptake by aerosols were not considered in this study. The results will be discussed in Sect. 3.2.3.
www.atmos-chem-phys.net/17/9547/2017/
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3
3.1

Results
Biogenic compounds

In general, the mixing ratios of biogenic compounds measured at the site were low, with the sum of isoprene
(m/z 69.0699 amu) and monoterpenes (m/z 137.1325 amu)
never exceeding 500 pptv and a campaign average daily maximum of ∼ 100 pptv for both, measured by the PTR-TOFMS. This is in contrast to tropical forest regions where typical values of 7.6 ppbv isoprene and 1 ppbv monoterpene have
been reported recently (Yañez Serrano et al., 2015) and boreal forest regions where levels of isoprene and monoterpenes are ca. 100 and 300 pptv respectively (Yassaa et al.,
2012). The measured values in this study are consistent
with levels reported previously from the Mediterranean areas (Liakakou et al., 2007; Davison et al., 2009). Comparable emission rates of isoprene and the sum of monoterpenes
can be regarded as typical for the Mediterranean vegetation
(Kesselmeier and Staudt, 1999). Isoprene and several different monoterpenes were also measured by a GC-MS system
operating at a lower time resolution at the same site. A comparison between the results of the two instruments can be
found in Supplement S1.
Since both isoprene and monoterpenes have atmospheric
lifetimes of the order of minutes to hours with respect to the
removal by OH, we concluded that they must have been emitted by local vegetation. Based on ceilometer measurements,
they are emitted into a shallow boundary layer of maximum
250 m. Figure 3 displays the campaign 1 h-averaged, diel cycles of isoprene, its oxidation products and of the sum of the
monoterpenes measured by the PTR-TOF-MS instrument.
For comparison the GC-MS data of isoprene were added in
the upper panel. Keeping in mind that the low time resolution of the GC-MS might statistically bias the result, both instruments show a reasonably similar profile. The median diel
cycles of isoprene and the monoterpenes follow a roughly
sinusoidal curve and were strongly light dependent. This
finding is consistent with the literature concerning isoprene
and monoterpene emissions and atmospheric mixing ratios in
the Mediterranean area (Kesselmeier et al., 1998; Liakakou
et al., 2007; Davison et al., 2009). Due to the light-dependent
profiles, it was expected that isoprene levels would decrease
to nearly zero at night, which is the case for the GC-MS signal (see Supplement S1, Fig. S1), but not for the data measured by PTR-TOF-MS. Therefore, it can be concluded that
the GC-MS system provides more reliable absolute values.
However, since the focus shall now be placed on the course
of the profile and not on the absolute levels, the PTR-TOFMS data are used in view of the higher time resolution.
The mean isoprene mixing ratios (Fig. 3, upper panel)
show slightly elevated values in comparison to the median
values in the morning and afternoon. A potential explanation
can be found by considering the changes in meteorological
conditions during these parts of the day, e.g. variation of the
Atmos. Chem. Phys., 17, 9547–9566, 2017
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Figure 3. Box-and-whisker plots of isoprene, the oxidations products of isoprene and the sum of monoterpenes for the whole campaign with
a 1 h time resolution as measured by the PTR-TOF-MS. For comparison the median and mean isoprene values measured by GC-MS were
added in the upper panel. To calculate the box plots, PTR-TOF-MS data with a time resolution of 10 min and GC-MS data with a 45 min
time resolution (20 min sampling time) were used. The contaminations in isoprene and the monoterpenes determined by comparing GC-MS
and PTR-TOF-MS data were cut. The box contains 50 % of the data, 25 % of the data lie below the lower end of the box and 75 % below the
upper end. The whiskers present the 5–95 % range of the data.

local boundary layer height relative to the hilltop site or the
onset of the local sea breeze. The impact of these changes
varied during the campaign, causing the difference between
median and mean values. An example for this behavior can
be found in Supplement S2.
The emission behavior of the monoterpenes (Fig. 3, lower
panel) indicates a domination of a light-dependent emission regulation which is typical for vegetation without VOC
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reservoirs. Hence, coniferous tree species with resin ducts or
herbal plants with glands play a minor role here. However,
an emission classification of all the tree species found at the
site is not available. Furthermore, we must take into account
that VOC emissions from plant species with a temperaturedependent release from storage pools may also show some
degree of light dependency (Staudt et al., 1997; Owen et al.,
2002).
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3.2
3.2.1

Oxygenated volatile organic compounds (OVOCs)
Local impacts

In contrast to the pronounced diel cycles and low mixing
ratios found for the biogenic compounds, the oxygenated
VOCs showed relatively high values with comparatively little
variation, which can be seen in Fig. 4. Only acetic acid mixing ratios have pronounced diel cycles from the east and from
the west. On specific nights the site was situated within the
residual layer/free troposphere, which is explained in more
detail in Sect. 3.2.2. The plots shown in Fig. 4 contain only
data measured when the site was within the planetary boundary layer (PBL). It should be noted that the exclusion of the
residual layer/free troposphere biases the data set to daytime
measurements. For methanol and acetone there is no evidence of a consistently different diel cycle that can be related
to local emission or photochemical production over the short
strip of land between sea and site. The mixing ratios of these
compounds are rather determined by emissions and photochemistry that are remote from the site. It becomes clear that
the mean and median mixing ratios deviate in the morning
which can be explained by variable local meteorology.
www.atmos-chem-phys.net/17/9547/2017/
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Another interesting tracer for the influence of biogenic
emissions is the sum of the oxidation products of isoprene (methacrolein, MAC; methyl vinyl ketone, MVK;
and isoprene hydroxy hydroperoxides measured at mass
71.0491 amu; Rivera-Rios et al., 2014) which can be found
in the midsection of Fig. 3. The figure reveals that the level
of the isoprene oxidation products, which is a function of
the precursor isoprene mixing ratio and the OH concentration, was lower, but started to increase at the same time in
the morning as the values of isoprene. MVK and MAC have
a longer lifetime of 5–7 h with respect to OH (2 × 106 molec
cm−3 ) than isoprene. This means that these compounds can
be transported over longer distances than isoprene. However
the main wind direction was SW (see Fig. 1), which means
that the analyzed air masses were transported over the ocean
for at least 12 h before reaching the site (see Sect. 3.2.4).
Furthermore the Mediterranean Sea is not a major source of
isoprene. Therefore, transport of the oxidation products over
long distances can be excluded. Still, the simultaneous increase of isoprene and its oxidation products means that the
photochemical oxidation already took place. Most probably
the majority of isoprene originates from the 10 km strip of
land between the ocean and the site. During that short transport period oxidation already began. After midday OH decreases rapidly which leads to the decline in the mixing ratio
of the oxidation products.
In summary, the local vegetation produces modest emissions of reactive isoprene and monoterpenes. Their diel mixing ratio profiles are both light driven with a maximum
around midday and slight variations can be traced back to
changes in the local meteorology.
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Figure 4. Box-and-whisker plot of acetone, methanol and acetic
acid when the site was within the PBL. The triangles refer to mean
and the circles to median values. The box contains 50 % of the data.
25 % of the data lie below the lower end of the box, 75 % below the
upper end. The whiskers present the 5–95 % range of the data.

Methanol exhibited a maximum mean and median mixing
ratio in the early morning. Since vegetation is an important
daytime source of methanol (Fall and Benson, 1996; Hüve
et al., 2007) this increase could be explained by sunlightdependent plant emissions or by evaporation of methanol
collected in dew. However, the production and emission processes in plants are a matter of discussion (Folkers et al.,
2008).
An especially pronounced diel cycle of acetic acid can be
found between 16 and 21 July, and is displayed in Fig. 5.
In this part of the campaign a distinct anticorrelation between the acetic acid mixing ratios and humidity is apparent. Fog formation, which occurs under specific meteorological conditions, notably 100 % relative humidity (RH) in the
presence of cloud condensation nuclei, leads to droplet sedimentation, so that soluble gases are largely removed. Acetic
acid is more strongly affected than acetone and methanol,
because the latter are factors of 143 and 22 less soluble, respectively (Sander, 2015). Uptake to droplets and sedimentation only occurs when 100 % relative humidity is reached
and thus cannot explain the diel cycle of acetic acid at less
than 100 % RH. Several other effects could play a role in
this process: e.g. local photochemical production and loss of
acetic acid, emission from and/or uptake by vegetation and
soil, in-mixing from the residual layer/free troposphere by
turbulence and/or fog bank formation below the site which
was observed on several occasions. To investigate this furAtmos. Chem. Phys., 17, 9547–9566, 2017
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Figure 5. Mixing ratios of acetic acid, acetone and methanol in
ppbv, relative humidity in % and solar radiation in Wm−2 (10 min
mean values) as a function of time. The lower panel zooms in from
16 to 21 July.

ther the following formula was used to estimate the missing
production rate for acetic acid around midday:

[Acid] =

Pres + POH
LOH + Ldep

Pres = [Acid] × (LOH + Ldep ) − POH ,

(1)
(2)

where [Acid] refers to the mean acetic acid mixing ratio
around midday, POH to the photochemical production rate,
LOH to the loss rate by the reaction with OH radicals, Ldep to
the dry-deposition velocity. Pres represents the residual production rate, which is the sum of several production terms
such as emission from soil and vegetation as well as advection. The mean values at midday were determined from the
diel cycles over the whole campaign. LOH was calculated by
multiplying the mean value of OH around midday with its reaction rate constant with the acid, which gives a loss rate of
0.016 h−1 . The production rate POH was calculated in the following way: average levels of acetaldehyde as the main precursor and of OH at midday and their reaction rate constant
Atmos. Chem. Phys., 17, 9547–9566, 2017

were multiplied, which gives the production rate of the acetyl
peroxy radicals. Taking the measured concentrations of NO
and HO2 and their reaction rate constants with the acetyl peroxy radical into account it was found that the radical reacts
to approximately 64 with NO and 36 % with HO2 . HO2 measurements were only available from 20 July. It has been previously determined that 16 % of the reaction between acetyl
peroxy radical and HO2 produce acetic acid (Groß et al.,
2014). Thus, the production rate for acetic acid amounts to
0.0084 ppbv h−1 . This quite low production rate is consistent
with the low level of PAA found. For the dry-deposition velocity an area-weighted average value of 0.427 cm s−1 was
used, retrieved from the EMAC model. Ceilometer data from
the site (height 650 m above sea level) revealed an average
of 250 m for the PBL. Thus, the dry-deposition velocity
amounted to 0.061 ppbv h−1 . Applying these values leads to
a remaining production rate of 0.087 ppbv h−1 . Due to the
high uncertainty in many of the applied values the error of
Pres amounts to ca. 133 %.
Several effects give rise to the distinct diel profile in acetic
acid. For example the term for dry deposition is stronger in
the evening due to a decreasing boundary layer height. Furthermore concentrations of the OH radical change during the
day, which results in variations in both production and loss
rates. Additionally in-mixing from the residual layer/free
troposphere could contribute to the net, apparent production with the onset of turbulent mixing in the morning. It
was found that, in comparison to the PBL, acetic acid levels are elevated in the residual layer/free troposphere (see
Sect. 3.2.2) due to the high deposition rate of the acid within
the PBL. However, the ceilometer data revealed that the entrainment velocity was very low during the daytime (max.
≈ 1 cm s−1 ). Therefore we assume in-mixing plays only a
minor role. Several times during the campaign an extensive
fog bank formed below the site in the direction of advecting
air. It is therefore concluded that acetic acid was scavenged
within this fog bank, which was in close contact with the
ground allowing deposition to occur. During the day the fog
gradually dispersed which is concurrent with a slow increase
in acetic acid mixing ratios caused both by evaporation from
the fog and reduction in scavenging.
3.2.2

Transport processes and influence of the source
region and the residual layer/free troposphere

To investigate the influence of transport processes the source
regions and transport pathways of air arriving at the site were
examined using the FLEXPART model. The area of influence
of each single simulation can be described by the fraction of
time the air has spent over different regions. For this study,
the upwind region, namely the European continent, has been
delineated into color coded sections; see Fig. 6, upper left
panel. Thus, the overall transport time for air masses reaching the site can be subdivided in specific colored fractions
between 0 and 1. As one single color bar characterizes the
www.atmos-chem-phys.net/17/9547/2017/
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Figure 6. Allocation of Europe into specific regions (upper left panel) as well as traces of methanol and acetone in ppbv (10 min mean values)
and modeled data of the area of influence, given in fractions of 1. The upper part of the right panel refers to the whole air column, while the
lower part of the right panel represents the PBL only.

transport history of air at a certain time step, the combination
of all color bars of all single simulations weighted by time
results in an overview of the evolution of transport patterns.
This is shown in upper part of the right panel of Fig. 6.
The lower part of the right panel of Fig. 6 shows for each
simulation the fraction of the time the air has spent within the
planetary boundary layer, where surface processes (e.g. surface emissions or uptake of trace gases) can influence the air
composition. This fraction lay between 10 and 35 %. To determine the footprint for a spatially and temporally variable
layer such as the PBL it was necessary to consider the PBL
height over time at each single column within the area of influence. For example the air mass that arrived on 21 July in
Cyprus had spent 30 % of the last 120 h within the PBL (see
lower panel on the right in Fig. 6). Of these 30 %, two-thirds
were affected by eastern Europe, marked in red, purple and
pink. In contrast, on 25 July the air was inside the PBL 35 %
of the time, of which the main part was within the marine
boundary layer (MBL, marked in blue).
In the center section of the graph, mixing ratios of
methanol and acetone are plotted on the same timescale.
From Fig. 6 it can be seen that the mixing ratios of both compounds were higher when the air sampled came from eastern Europe (red, purple, pink) and lower when arriving from
western areas (shades of green). Transport from the west to
Cyprus entails longer transport times in the Mediterranean
marine boundary layer than from the east. The trend implies
that either the sources in eastern Europe were stronger or
removal processes had a greater influence in air transported
from the west.
During specific periods of the campaign, ozone showed
higher values at night than during the day while relative hu-
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midity dropped drastically (see Fig. 7). These features indicate that the site was within the residual layer/free troposphere (e.g. Fischer et al., 2003). To separate the data the
ozone values were multiplied by the mirrored relative humidity (100-RH). A threshold of 1000 ppbv · % was chosen as a
criterion of being in the residual layer/free troposphere. Furthermore, only night time periods were considered, because
ceilometer data and vertical profiles from radiosondes confirmed that the site was within the boundary layer during the
day. At night the mixed layer height calculations from the
ceilometer data are unreliable, due to weak vertical mixing
and the incomplete optical overlap of the lidar signal at low
heights (Haeffelin et al., 2012). The time periods were identified as being within the residual layer/free troposphere are
color coded in red in Fig. 7. Table 1 separates the averaged
mixing ratios of different VOCs, O3 and CO, measured when
sampling the residual layer/free troposphere and the PBL, additionally separated by east and west. It becomes clear that
methanol, acetonitrile, acetone and acetic acid levels in the
residual layer/free troposphere were higher than those measured in the PBL. Still, taking the standard deviations into
account, the differences are relatively small, especially for
acetone and acetic acid. When examining the data from the
residual layer/free troposphere, a marked difference can be
found between eastern and western flow regimes. Therefore
it can be concluded that the source strength on the continents
as well as the distance from the source to the site significantly
influence the VOC levels.
In the following the influence of the source region is analyzed and only data within the PBL are regarded. Consistently with methanol, acetone and acetic acid, other OVOCs
like acetaldehyde and methyl ethyl ketone as well as O3 and
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Table 1. Averaged data of VOCs, O3 and CO and their standard deviation (SD) in pptv based on a 10 min time resolution. The data were
separated into periods reached by air from eastern or western regions as well as into values measured when the site was within the residual
layer/free troposphere (RL/FT) and those recorded when the site was within the PBL.
Compound
Methanol
Acetonitrile
Acetaldehyde
Acetone
Acetic acid
Isoprene
Isoprene oxidation
products∗
Methyl ethyl ketone
Benzene
Toluene
Total xylenes
Total trimethylbenzenes
Total monoterpenes
Ozone
Carbon monoxide

East
RL/FT

SD
east RL/FT

West
RL/FT

SD
west RL/FT

East
PBL

SD
east PBL

West
PBL

SD
west PBL

4389
132
347
3158
1709
10
9

866
19
117
694
681
7
7

3251
147
190
2099
1039
3
4

241
22
32
157
165
4
3

3328
107
375
2531
1164
70
31

841
21
153
463
516
62
30

2465
102
254
1978
737
55
23

681
25
94
359
310
53
31

124
34
5
5
5
6
82 364
110 522

40
19
3
4
3
5
9911
11 497

44
13
2
4
2
4
73 096
95 484

10
3
2
4
2
2
5771
7914

128
34
11
10
8
59
71 463
106 593

30
14
8
21
8
51
7985
10 179

87
16
6
10
7
46
60 090
90 715

16
8
5
46
27
42
7621
6517

∗ Methyl vinyl ketone, methacrolein and isoprene hydroxy hydroperoxides (Rivera-Rios et al., 2014).
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Figure 7. Ozone in ppbv, relative humidity in % and solar radiation
in Wm−2 (10 min mean values). The red data points are influenced
by air masses from the residual layer/free troposphere.

CO show higher mixing ratios in air masses with eastern European origin (see Table 1). The mixing ratio of acetonitrile,
a tracer for biomass burning, was between 100 and 110 pptv
in both flow regimes. These low mixing ratios and the lack
of variability indicates that no air masses influenced by recent biomass burning reached Cyprus in the period of measurement. Anthropogenic tracers, such as the aromatic compounds benzene, toluene and the xylenes, showed very low
mixing ratios between 5 and 35 pptv, which confirms the remote location of the site and the minor influence of local
anthropogenic emissions. The high standard deviations of
these aromatic compounds can be traced back to some occasional spikes. The ozone mixing ratios of 60–70 ppbv are
consistent with or even slightly higher than values found in
Gerasopoulos et al. (2005) and Kleanthous et al. (2014). The
Atmos. Chem. Phys., 17, 9547–9566, 2017
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Figure 8. Modeled mixing ratios of methanol and acetone in ppbv
over the period of 48 h starting at 06:00. Initial values originate
from the MOM chemistry in the global model EMAC (Jöckel et al.,
2016).

values measured during CYPHEX also exceed the European
Air Quality Standard of 120 µg m−3 (60 ppbv as a maximum
daily 8 h mean)4 .
In the next section we examine the role of photochemical
processes on the mixing ratios of the OVOCs.
3.2.3

Investigation of photochemical processes using
the CAABA/MECCA box model

The CAABA/MECCA box model was used to examine the
photochemical processes influencing the mixing ratios of
acetone and methanol. In order to simulate conditions in the
4 http://ec.europa.eu/environment/air/quality/standards.htm
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calculation of the exponential fit. [OVOC]0 and A refer to equation 3 and are given in units of ppbv and h−1 , respectively.

MBL, where no major sources can be found, only initial
values of precursors were set, with further emissions during the run deactivated, except for ozone. Dry deposition
was also excluded, because this model run was intended to
investigate photochemistry only. The trace gases included,
their initial values (which originate from the Mainz Organics
Mechanism (MOM) chemistry in the EMAC model; Jöckel
et al., 2016) as well as the chemical degradation scheme
can be found in Supplement S3 and S5. The model mixing ratios cannot be directly compared to the results of
Sect. 3.2.1, because processes like transport, ocean emission/uptake or dry deposition were not included in the box
model. In Fig. 8 the predicted mixing ratios of methanol and
acetone are displayed for a 48 h model run with an initial
value for NOx of 2.4 ppbv. While methanol decreases, the
mixing ratio of acetone increases. The analysis revealed that
the main process affecting methanol is the degradation by
OH radicals. The modeled behavior of acetone is more complex. Among the most important reactions are its loss by OH
radical reaction or photolysis as well as its production via
the reaction of different intermediates, mainly peroxy radicals, with NO or OH, for example the reaction of isopropyl
peroxy radicals (iC3 H7 O2 ) with NO. Figures showing the
rates of important reactions with a production or loss rate
≥ 10−16 mol mol−1 s−1 (0.36 pptv h−1 ) can be found in Supplement S4. It can be concluded that secondary production
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in the MBL only plays a role for acetone, while methanol is
only lost.
3.2.4

Influence of marine boundary layer transport on
OVOCs

In Fig. 9 mixing ratios of methanol and acetone are plotted
against the time the air spent in the marine boundary layer,
calculated by adding up the FLEXPART modeled percentage
of the influence of the eastern and western Mediterranean,
the Black Sea, the Caspian Sea and the Atlantic Ocean. The
summed percentage was then multiplied by the duration of
the modeled backward trajectories (120 h). The data were
separated into periods affected by eastern and by western Europe. The blue markers refer to the data measured within the
PBL, while the red markers represent data recorded while the
site was within the residual layer/free troposphere. Since this
analysis concentrates on the phenomena occurring within the
boundary layer, the focus will be placed on the data measured
in the PBL, only. However, it needs to be kept in mind that
the air measured when being in the PBL has been influenced
by the residual layer/free troposphere as well as the boundary
layer during transport. An exponential fit was applied to the
blue colored data points using the function:

[OVOC]t = [OVOC]0 × exp(−A × t).

(3)
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[OVOC]0 represents the value in ppbv that would be measured at the source, t is the time in h and A is the loss
rate constant in h−1 . The initial methanol and acetone values
at the source ([OVOC]0 ) yield 5.2 ± 0.3 and 3.5 ± 0.2 ppbv
from the east and 4.6 ± 0.5 and 2.7 ± 0.2 ppbv from the west,
respectively. These results show that the source strength for
acetone is slightly larger in eastern Europe than in western
Europe, while the initial values for methanol are consistent
within the error range. Still, the trend also indicates a larger
source strength for methanol from the east. The loss rate constants for methanol and acetone amount to 0.031 ± 0.004 and
0.022 ± 0.003 h−1 from eastern air masses and 0.029 ± 0.005
and 0.014 ± 0.003 h−1 from western air masses, respectively.
These loss rate constants over water for the two substances
are a function of dilution (by vertical and horizontal mixing), photochemical degradation, uptake or emission by the
ocean and production from the oxidation of larger organic
molecules. As already mentioned the atmospheric lifetimes
with respect to the removal by OH radicals were about 6 days
for methanol and 32 days for acetone. FLEXPART calculated
transport times from eastern Europe to Cyprus of roughly
12 h to 2 days and from western Europe to the site of around 2
to 5 days. The atmospheric lifetimes of acetone and methanol
are relatively long compared to the average transport time.
This allows the influence of the MBL to be gauged. The
losses of the two OVOCs were calculated using the formula:
[OVOC]t = [OVOC]0 × exp(−(kOH × [OH] + Vdep /HPBL ) × t),

(4)

where [OVOC]t is the mixing ratio of the compound at a specific transport time t, [OVOC]0 the mixing ratio determined
by the y axis intercept of the exponential fit of the measured
data (PBL only), kOH the rate coefficient for the reaction
with OH radicals, [OH] the concentration of the OH radicals, Vdep the dry-deposition velocity and HPBL the height
of the PBL. Photolysis rates are so low that they can be neglected; in fact the ground level photolysis rate of acetone
is at least 10 times lower than the loss rate due to OH. The
diel averaged OH concentration at the site was measured during the CYPHEX campaign as 2 × 106 molec cm−3 . kOH values originate from IUPAC (Atkinson et al., 2006). Since OH
concentrations were constrained by measurement with an accuracy of 28.5 % (further analysis see gray dashed line in
Fig. 9) and the OH rate coefficients are well known, this loss
term is assumed to be reasonably accurate. Dry-deposition
velocities, on the other hand, represent a large uncertainty
factor and dilution by vertical and horizontal mixing is not
accounted for in the equation. The deposition velocities simulated in EMAC (Jöckel et al., 2016) over the Mediterranean Sea were taken and the area-weighted average values
amounted to 0.030 cm s−1 for acetone and 1 × 10−4 cm s−1
for methanol despite the higher solubility of methanol in
comparison to acetone. The values are net deposition velocities calculated in a resistant-type scheme based on Wesely
(1989) and implemented by Kerkweg et al. (2006), so they do
not need to be proportional to the solubilities of the species.
Atmos. Chem. Phys., 17, 9547–9566, 2017

As already mentioned, ceilometer data from the site gave
a PBL height of 250 m. This PBL was actually an internal
boundary layer that formed inside the marine boundary layer
due to thermal and orographic effects as it was advected over
land. For the boundary layer over sea relevant to this study, an
average PBL height of 500 m was assumed. Previous aircraft
studies in the region (Holzinger et al., 2005) focused on acetonitrile have reported vertical profiles over the sea that show
sharp decreases in mixing ratios from 500 to 250 m supporting the 500 m-boundary-layer-over-sea assumption made
here. The decreases of acetone and methanol calculated using
Eq. (4) can be found as black lines in Fig. 9. The gray dashed
lines refer to the calculated result when a 28.5 % higher OH
concentration is applied, to account for the OH measurement
uncertainty. The blue lines represent the exponential fit of the
data measured within the PBL. It becomes clear that the measured net loss was larger than the calculated loss for methanol
and acetone. Since the difference in slope of the black and
gray lines is much smaller than the difference to the measured data, it can be concluded that the loss through oxidation by OH only plays a minor role. To explain the general
trend that the calculation underestimates the loss of acetone
and methanol over the ocean five effects need to be taken
into account: firstly, vertical transport to the sea surface layer
was a limiting factor, so that turbulence rather than solubility defined the distribution. Secondly, microbial consumption
and/or production is a missing sink, thirdly photochemical
production played a role, fourthly in-mixing of air from the
residual layer/free troposphere was significant and fifthly the
variability in the emissions at the source had a considerable
influence.
A turbulence-driven distribution could be the reason that
the losses do not represent the solubilities of the two OVOCs,
but it cannot explain the discrepancy between the measured
and the calculated loss rate constants of methanol and acetone.
Ocean concentrations and air–sea fluxes of acetone and
methanol have been determined previously (Williams et al.,
2004; Sinha et al., 2007) and it has been found for methanol
and acetone that the ocean and air are close to equilibrium
on a global scale (Millet et al., 2008; Fischer et al., 2012),
but that a significant aqueous phase production term exists
for both species. Regionally, strong biological activity can
drive a surface ocean oversaturation of acetone that leads to
its emission (Taddei et al., 2009). Dixon et al. (2014) have
shown that methanol is more efficiently consumed microbially than acetone. One reason for the higher loss rate constant of methanol in comparison to acetone could therefore
be the higher oxidation rate of methanol in the ocean. Since
no microbiological influence is included in the calculation, a
consumption of both acetone and methanol by microorganisms could explain the higher measured loss rate constant.
The box model has shown that acetone is weakly photochemically produced over the ocean to some extent. If a
photochemical production term was included in the formula,
www.atmos-chem-phys.net/17/9547/2017/
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Table 2. Slope, intercept and correlation coefficient (r 2 ) of different compounds separated in air masses from eastern and western Europe.
Eastern air masses

Western air masses

Methanol vs. acetone
slope = 2.0, intercept = −1.7, r 2 = 0.73
Methanol vs. ozone
slope = 0.043, intercept = 0.23, r 2 = 0.17
Methanol vs. CO
slope = 0.061, intercept = −3.2, r 2 = 0.45
Acetone vs. ozone
slope = 0.023, intercept = 0.90, r 2 = 0.16
Acetone vs. CO
slope = 0.038, intercept = −1.6, r 2 = 0.59

Methanol vs. acetone
slope = 2.5, intercept = −2.5, r 2 = 0.68
Methanol vs. ozone
slope = 0.0088, intercept = 1.9, r 2 = 0.0096
Methanol vs. CO
slope = 0.070, intercept = −3.9, r 2 = 0.44
Acetone vs. ozone
slope = 0.0045, intercept = 1.7, r 2 = 0.013
Acetone vs. CO
slope = 0.037, intercept = −1.4, r 2 = 0.65

then the discrepancy between the calculation and the measurement would be even higher. Thus, photochemical production cannot be the missing factor.
Another possible reason for the high loss rate constants
could be in-mixing of acetone and methanol-poor air from
the residual layer/free troposphere. However the data measured when the site was within the residual layer/free troposphere have shown that levels of the two OVOCs were
elevated above the boundary layer, so that acetone and
methanol-rich air would have been entrained. Additionally,
the marine boundary layer is expected to be rather stable due
to the high-pressure system over the Mediterranean. Thus,
in-mixing cannot explain the difference between the measurement and calculation.
Furthermore, the spatially variable emissions on the continents might also be temporally correlated which can influence the measured loss rate constants.
The most plausible explanation for the discrepancy is
therefore a combination of a missing sink for methanol and
acetone in the ocean, possibly enhanced by microbial consumption, and spatial and temporal variability of the emissions in the source regions.
Dry-deposition velocities, which would be necessary to
match the measured data, amount to 0.34 cm s−1 for
methanol and 0.28 cm s−1 for acetone in air masses from the
east and 0.31 cm s−1 for methanol and 0.18 cm s−1 for acetone from a western flow regime. It is expected that the results for the dry-deposition velocities are independent of the
origin of the air mass. This is roughly the case for methanol,
but the acetone data require a lower dry-deposition velocity
for western than for eastern air masses. The reason for that
could be that photochemical production of acetone, which
was not included in the theoretical formula, plays a role and
was different for eastern and western air masses. If the photochemical production was implemented in the formula, an
even higher value for the dry-deposition velocity would be
necessary so that the result would still match the measured
data.

www.atmos-chem-phys.net/17/9547/2017/

3.2.5

Correlations between acetone, methanol, CO and
ozone

Table 2 shows slopes, intercepts and correlation coefficients
(r 2 ) from the bivariate fits between methanol, acetone, CO
and ozone separated by eastern and western air masses. Two
spikes in the acetone data (occurring on 24 July and 2 August) and one spike in the CO data were removed, because
they were most probably emerging from local sources. The
correlations were calculated using the data measured within
the PBL only. It can be seen that acetone and methanol correlate reasonably well, while the correlation factor is higher
in eastern than in western air masses. As already mentioned,
horizontal or vertical dilution/in-mixing, photochemical processes as well as emission or uptake by the ocean play important roles during transport. These effects can influence
the various compounds to different degrees, so that divergent correlation factors are expected. A good correlation
can be interpreted by a co-location of sources and/or similar production and depletion processes. No correlation was
found between methanol and ozone as well as acetone and
ozone. The reason is the different sources: ozone is secondarily produced during the transport, while the other two
compounds have strong sources on the continent and decrease (methanol) or only slightly increase (acetone) during transport processes. Comparing the two OVOCs to CO
(Table 2) shows that the slope as well as the correlation between methanol and CO as well as acetone and CO remained
fairly constant between the eastern and western flow regimes
(methanol: slope = 0.061 and 0.070, r 2 = 0.45 and 0.44, respectively; acetone: slope = 0.038 and 0.037, r 2 = 0.59 and
0.65, respectively). These correlations appear to be rather insensitive to the combined processes of dilution, marine uptake/emission and photochemical aging for air masses in this
region. The data can be compared to the MINOS campaign,
which took place 13 years before in Finokalia, Crete (Salisbury et al., 2003). One part of the MINOS campaign, with no
biomass burning influence and an eastern flow regime (period 1), was the most appropriate for a comparison with the
Atmos. Chem. Phys., 17, 9547–9566, 2017
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CYPHEX data. Interestingly, the ratio between methanol and
CO calculated from Salisbury et al. (2003; 0.02 for period
1) is smaller than the one determined in this study (0.031).
The reason for this is a lower CO mixing ratio (MINOS:
167 ppbv, CYPHEX: 107 ppbv), although the methanol values were similar in both campaigns (MINOS: 3.34 ppbv,
CYPHEX: 3.33 ppbv). In the same way, the acetone/CO ratio measured in this study (0.024) for easterly conditions was
larger than the one reported by Salisbury et al. (2003; 0.017,
period 1) due to lower CO mixing ratios. The decreased CO
values might be traced back to the economic crisis in Greece,
which led to a reduction of industrial production and therefore to decreasing emissions of anthropogenic compounds
like CO.

4

Summary

During the 2014 CYPHEX campaign, trace gases in air
masses from eastern (67 % of the time) and western Europe
(33 % of the time) were monitored. Since the transport routes
of the air pass over the Mediterranean Sea the impact of the
marine boundary layer on OVOCs could be investigated. Due
to the sparse vegetation local biogenic emissions of isoprene
and monoterpenes were weak. These species showed typical
diel cycles with the highest mixing ratios around midday. The
difference in median and mean mixing ratios in the isoprene
data could be explained by the boundary layer evolution and
the onset of a local sea breeze system. The methanol and
acetone mixing ratios revealed relatively little diel variation,
but higher absolute mixing ratios, indicating that local emission or production was less significant in comparison to longrange transport. Only acetic acid followed a pronounced diel
cycle, which is the net effect of photochemical production
and loss, direct emission, dry deposition over land and incloud scavenging from advecting air masses. The methanol
and acetone data showed that uptake to the sea surface was
not defined solely by solubility and that the discrepancy between measured and calculated loss rate constant can potentially be explained by a missing sink in the Mediterranean
Sea and emission variability in the source region. The correlation coefficients between the OVOCs were higher in eastern
than in western air masses, which can be explained by the
longer transport time over the ocean and thus stronger impacts of different production and loss processes in the western flow regime. The ratios of methanol/CO and acetone/CO
were higher in this work than in a study performed 13 years
before, which is consistent with the lowering in the regional
sources of CO. The results displayed here indicate that air
reaching Cyprus from eastern and western Europe showed
different OVOC characteristics due to different emission patterns, transport times as well as varying impact of photochemical processes, dilution and ocean uptake or emission.
Atmos. Chem. Phys., 17, 9547–9566, 2017
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