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Abstract

In situ continuous hourly measurements of C,-Cg non-methane hydrocarbons
(NMHCg) have been performed from March to October 2006 at two coastal locations
on the island of Crete, in the Eastern Mediterranean. Well defined diurnal variations
were observed for several short lived NMHCg (including ethene, propene, n-butane,
n-pentane, n-hexane, 2-methyl-pentane). The daytime concentration of hydroxyl (OH)
radicals estimated from these experimental data varied from 1.3x1 0° to ~4.0x10° rad-
ical cm™2, in good agreement with box-model simulations. In addition the relative vari-
ability of various hydrocarbon pairs (at least 7) was used to derive the tropospheric
levels of Cl atoms. The Cl atom concentration has been estimated to range between
0.6x10* and 4.7x10% atom cm‘s, in good agreement with gaseous hydrochloric acid
(HCI) observations in the area. Such levels of Cl atoms can be of considerable impor-
tance for the oxidation capacity of the troposphere on a regional scale.

1 Introduction

Non-methane hydrocarbons (NMHCg), as trace gas species, play an important role in
the photochemistry of the atmosphere by influencing the concentration of the hydroxyl
(OH), hydro-peroxyl (HO,) radicals and ozone. Indeed, under favourable conditions,
including high solar radiation and nitrogen oxides, NMHC oxidation may lead to the
production of ozone (Crutzen, 1974; Logan et al., 1981; Collins et al., 2002; Jenkin
et al., 2002; Derwent et al., 2003). In addition, the oxidation of several hydrocarbons
is known to produce secondary organic aerosol (SOA) that could affect human health,
visibility and the Earth’s energy balance (Kanakidou et al., 2005).

Light NMHC; (C,-Cg) include a large number of trace gases with lifetimes ranging
from hours to few months. In the past, measurements of various hydrocarbons with
different chemical behaviour toward OH radicals and Cl atoms were used by several
groups to estimate atmospheric oxidant levels, e.g. OH radicals and Cl atoms (Kanaki-
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dou et al., 1989; Wingenter et al., 1996; Derwent et al., 1999; Bonsang and Kanakidou,
2001). For example OH radical levels during night-time were estimated by Bonsang et
al. (1987) through NMHC vertical profile measurements performed in a forested site.
From changes in the concentration patterns of NMHCg measured during tropospheric
ozone depletion events in the Arctic spring, Cl and Br atom levels in the range of 3—
8x10* and 3-6x10" atoms cm‘s, respectively, were deduced (Jobson et al., 1994; Ra-
macher et al., 1999). Recently, Read et al. (2007) reported for the Antarctic boundary
layer, Cl and Br atoms concentrations in the range of 1.7x10°-3.4x10* and 4.8x10°-
9.6x10” atoms cm‘s, respectively.

The atmosphere of the eastern Mediterranean is characterised by high insolation,
humidity and ozone levels throughout the year (Kouvarakis et al., 2000; Gerasopoulos
et al., 2005). Such conditions can lead to OH levels as high as 1x10” radical cm™3
measured around noon in August 2001 (Berresheim et al., 2003).

In addition, Mihalopoulos et al. (1997) and Kouvarakis et al. (2002) reported for the
same area a significant chloride deficit in the aerosol phase relative to sodium, indicat-
ing potential presence of Cl atoms in the gas phase. Indeed, this deficit is attributed
to the reactions of sodium chloride (NaCl) with acidic species such as sulphuric acid
(H,SO,) and nitric acid (HNO3) present also at relatively high levels in the Mediter-
ranean atmosphere (Bardouki et al., 2003; Metzger et al., 2006). These reactions lead
to the formation of gaseous hydrochloric acid (HCI), which through reaction with OH
radicals is producing Cl atoms in the gas phase (Sander and Crutzen, 1996; Vogt et
al., 1996; Wingenter et al., 1996).

In the present work we estimate the levels of OH radical and Cl atom based on the
NMHC measurements performed at two coastal sites on the island of Crete, located
in the eastern Mediterranean. The levels are inferred through the relative variability of
selected measured hydrocarbons and chemical box model simulations. Their possible
importance for the oxidation capacity of the troposphere is discussed.

6331

ACPD
7, 6329-6356, 2007

Tropospheric OH and
Cl levels in a marine
site

C. Arsene et al.

EG

c


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/6329/2007/acpd-7-6329-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/6329/2007/acpd-7-6329-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html

10

15

20

25

2 Experimental
2.1 Site and experimental procedure

In situ measurements of C, to Cg NMHCg were conducted at two coastal locations on
the island of Crete: the monitoring station of the University of Crete (Finokalia) and the
University campus (Heraklion). These two sites are refereed in the text as natural and
rural respectively, following Putaud et al. (2004) definition. The University campus is
located at a rural area, 5 km inland from the N coast of the island, westward to the main
city of Crete, Heraklion, and is occasionally affected by emissions of the city. The air
monitoring station at Finokalia is a remote background site located in the N coast of the
island but 70 km eastward of Heraklion city. In order to avoid important local influences
measurements of NMHCg were performed at both sites during periods with prevalent
N-NW winds of speed higher than 5ms~'. From March to October 2006, intensive
sampling and analyses were performed at the University campus through campaigns
consisting of 2 to 3 days per month (250 samples). From the 26 July to the 4 August
2006 an intensive sampling was also performed at Finokalia with hourly measurements
from 07:00 to 22:00 every day, summer local time (140 samples).

Air samples were analysed by a gas chromatograph (GC, Varian Star 3400)
equipped with an FID detector. For each analysis 990 ml of air were drawn from about
5m above the ground via a stainless steel inlet at a flow rate of 50 ml min~" (air sample
integrated over 20 min). The sample firstly passed via a trap filled with magnesium per-
chlorate (Mg(ClQO,),) to remove the humidity and then the hydrocarbons were trapped
on Tenax TA cooled at about —100°C. The collected sample was thermally desorbed
into another trap containing glass beads kept at —196°C. After an enrichment period
of two minutes the content of the second trap was injected (via thermal desorption)
into an Rt-Alumina PLOT capillary column (Al,O3/KCI, 50 m length, 0.53mm ID and
6.0 um df). The column was initially kept at 40°C for one minute and then the following
temperature program was applied: increase at 120°C at a rate of 10°C min™", hold time
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5min; increase at 160°C at a rate of 25°C min~', hold time 5min; increase at a final
temperature of 180°C at a rate of 25°C min™". The total analysing time was 40 min.

A gas mixture containing 1 ppmv of fifty-five C,-Cq NMHCg (22964-Restek, Spectra
Gases) was used for the identification of the compounds of interest. A certified gas
standard mixture containing 100 ppmv of ethane, ethene, propane and n-butane was
used as primary calibration standard and was injected daily with a pressure-lock sy-
ringe. The detection limit was estimated to be of about 5 pptv and the accuracy of the
measurements of about 10%.

During the summer intensive campaign at Finokalia, aerosol and gaseous samples
have been collected using the filter pack technique, for the analyses of HNO3, HCI and
NH;. The filter pack consists of a succession of 3-filters, namely Teflon, glass fibber
filter (GFF) and cellulose, the last two impregnated with sodium carbonate (Na,CO3)
and citric acid, respectively. In total 30 filter samples (sampling frequency of 3 samples
per day) were analysed by ion chromatography (details of the analytical procedure are
given in Economou and Mihalopoulos, 2002).

2.2 Model description

The chemistry model used to calculate the OH radical levels is a condensed chemi-
cal mechanism which, apart from the background O5/NO,/OH/CO and CH, chemistry,
takes also into account the oxidation chemistry of C,-C5 NMHCg including isoprene
and dimethyl sulphide. The hydrocarbon chemical scheme used in the present study is
an update of the Poisson et al. (2001) scheme to IUPAC recommendations (Atkinson
et al., 2006) and includes NO radical and some surface reactions as described by
Tsigaridis and Kanakidou (2002) and Vrekousis et al. (2004, 2006). No direct hetero-
geneous ozone losses are taken into account whereas NO, and RO, heterogeneous
losses are parameterized as explained by Tsigaridis and Kanakidou (2002) and Vrek-
oussis et al. (2004).

Hourly mean observations of Oz, CO, NO, NO,, JNO,, JO1D, temperature, relative
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humidity (RH) and wind speed, from the background air monitoring station (Finokalia)
have been used as input to the model. Ethene, propene, ethane, propane and bu-
tanes diurnal mean mixing ratios, measured in the area in 2004 (Liakakou, 2007), are
adopted in the model as initial conditions. Formaldehyde (HCHO) mixing ratios have
been initialised to 1 ppbv (Lelieveld et al., 2002). This model version has been previ-
ously applied to evaluate on a seasonal basis the impact of isoprene chemistry on the
oxidizing capacity of the area (Liakakou et al.; 2007).

3 Results
3.1 Seasonal and diurnal variations of NMHCg¢

Figures 1 and 2 show examples of the datasets obtained during the present work
and used for the experimental estimation of the OH radicals. The hydrocarbon lev-
els determined during the present study are in good agreement with earlier reported
observations for the Mediterranean area (Moschonas and Glavas, 2000; Gros et al.,
2003). Figure 1 depicts the diurnal variability of relatively long lived (ethane, propane,
Fig. 1a) and short lived (i-pentane, n-pentane, Fig. 1b) NMHCg, measured at Finokalia
during the campaign in summer 2006. Both ethane and propane do not show any
clear diurnal variability and changes in their patterns are mainly influenced by the long
range transport due to their relatively long lifetimes toward OH radicals (Tejane=11.5
days and Tp.gpane=2.9 days, for a mean OH of 4x10° radicals cm'3). On the opposite
a clear diurnal variation is observed for the shorter lived NMHCg, i- and n-pentane,
with minimum around 19:00, summer local time, especially during days when no signif-
icant changes occurred in the wind speed (Fig. 1b). Measurements at Finokalia with a
Laser Imaging Detection And Ranging (LIDAR) system showed no significant changes
in the boundary layer height during the daytime (Chourdakis, personal communication,
2006) and thus, the diurnal variability of the short lived NMHCg is attributed to local
photochemistry.
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The monthly variability of afore mentioned hydrocarbons, measured at the Univer-
sity campus from March to October 2006, is presented in Fig. 2. Species as ethane,
propane (Fig. 2a) and i-pentane, n-pentane (Fig. 2b) show a clear seasonal variability
with a distinct minimum during the warm season, mainly attributed to photochemistry.
However, several other factors like transport, emissions, boundary layer height can
control the observed diurnal and seasonal variability of the NMHCg. Detailed analysis
of these factors will be presented elsewhere.

3.2 Estimation of the OH radical levels from NMHC variability

The measurements performed at both sites revealed a clear decaying trend for the
short lived NMHCg over the daytime. The absence of variation in the boundary layer
height at Finokalia during the studied period and the selection of periods with no
changes in air masses origin and with high wind speed assure the applicability of a
steady-state hypothesis. The diurnal variation of selected short lived NMHCg (ethene,
propene, n-pentane, n-hexane, 2-methyl-pentane) has been therefore used to estimate
the levels of the OH radicals.

Figure 3 shows a typical example of the procedure applied to estimate the OH radical
concentration from the decay of the hydrocarbons measured at Finokalia. For this
purpose, the observed decreasing trend during daytime has been attributed to the
reaction of the hydrocarbons only with OH radicals (Fig. 3a).

The concept

Assuming steady-state conditions, the decay in the concentration of a hydrocarbon
from its initial concentration (C,) at the beginning of the day to that after a time t (C),
due to its reaction with OH radicals and Cl atoms, is described by the equation:

C=C, x e~ (Kon[OH]+kg[Cll)xt 0
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By applying a natural logarithm, Eq. (1) leads to Eq. (2) in the form:
Co
InE=(kOH[OH] + kg [Cl]) x t (2)

When the reaction with Cl is negligible and the decay of the hydrocarbon is determined
only by its reaction with OH, then Eq. (3) can be derived:

Co
|n6=kOH[OH] x 1 (3)

In this case, the slope of the regression between In(C,/C) as a function of the time
t and the reaction rate ko, allows the estimate of the mean OH concentration over
the studied period t (Fig. 3b). Such analysis can be performed based on observations
of selected short lived NMHCg. The criteria used for this selection is a high reactivity
toward OH radicals compared to other atmospheric oxidants, for instance Cl atoms and
ozone (Atkinson and Arey, 2003; Atkinson et al., 2006).

Thus, a 12-h median value of 4.0x10° radical cm™ (standard deviation (o) of the
data + 0.6x10° radical cm'3) was derived from the diurnal variation of ethene, propene,
n-pentane, n-hexane and 2-methyl pentane. It is worth noting that n-butane leads to
much higher OH levels (almost a factor of 2 higher than the other NMHCg, Fig. 3a)
which can be explained by its higher k¢ /kgy ratio than that of other studied hydrocar-
bons (further discussed in Sect. 3.3).

The concentration of the OH radicals was also derived for the rural site (Univer-
sity campus) by using the above described concept. The results are presented in
Table 1. The OH radical levels at this site are estimated to range from 1.3x10° (low
insolation period) to about 3.4x10° radical cm™ (high insolation period). These ex-
perimentally derived OH levels agree reasonably well with those derived from the 0-D
box model presented also in Table 1. For instance the experimentally derived value of
4.0x10%+0.6x10° radical cm'3, for the natural marine site during July/August 2006, is
within 10% of the average value of 4.4x10° calculated by the 0-D box model for the
same period.
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The coherence between the experimentally derived OH concentrations and the
model calculations indicate that under appropriate meteorological conditions, mea-
surements of NMHCg can provide a useful tool for the estimation of the OH radical
concentration.

3.3 Estimation of Cl atom levels from NMHC variability
3.3.1 Evidence for Cl atom chemistry

Apart OH radicals, halogen atoms can also contribute to the decay of the hydrocarbons
during daytime, as shown in Eq. (1). Indication of the presence of halogen atoms in
the atmosphere can be obtained through examination of pairs of compounds that have
almost identical reaction rates with respect to OH radicals and very different reaction
rates with respect to Cl atoms, e.g. i-butane and n-butane (n-butane reaction with CI
atoms proceeds almost twice as fast as the reaction of Cl with i-butane).

An examination of i-butane/n-butane ratio versus n-butane levels illustrates the domi-
nant radical chemistry acting on specific air masses. A constant i-butane/n-butane ratio
with the increase of n-butane, independent of the NMHC atmospheric abundance, im-
plies only OH radical chemistry. In addition a constant i-butane/n-butane ratio and an
increasing in i-butane/third hydrocarbon (e.g. propane) ratio would also imply only OH
radical influence. On the other hand, a significant Cl chemistry involved in the sink of
those hydrocarbons would determine the reverse to be true (Hopkins et al., 2002; Read
et al., 2007).

Based on NMHC observations at both sites i-butane/n-butane ratio is plotted against
n-butane (Fig. 4a). As the ratio varies between 0.3 and 3 for the rural site and 0.6
and 3 for the natural site, this is clearly indicating the presence of Cl atoms in the
area. Similar conclusion can be drawn from Fig. 4b that depicts i-butane/n-butane
vs. i-butane/propane (Fig. 4b) under low and high insolation conditions based on all
available observations. In addition, the pattern in Fig. 4b demonstrates also the in-
creased importance of Cl chemistry during the high compared to the low insolation
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There is no appropriate analytical method that allows the direct measurement of
Cl atom at levels of 10°-10° atoms cm™ such as those expected in the atmosphere
(Singh et al., 1996; Wingenter et al., 1996; Rudolph et al., 1997; Read et al., 2007). In
the afore mentioned works the CI atom levels were mainly deduced by using indirect
methods such as analysis of logarithmic ratios plots for various NMHC pairs (Wingenter
et al., 1996; Rudolph et al., 1997) or final global distributions of ethane and tetrachloro-
ethene (Rudolph et al., 1996).

3.3.2 The concept of indirect Cl determination

The analysis in the present study is based on the concept described by Rudolph et
al. (1997). Hydrocarbon variability is interrelated with their reactivity toward OH radi-
cals and Cl atoms through logarithmic approaches outlined here below. The depen-
dence between the natural logarithms of the ratios of different NMHC concentrations is
described under ideal conditions by a linear relationship as follows:

Inwza

B
WL (4)
where [A], [B] and [C] denote the concentrations of the hydrocarbons measured in the
same air sample. When both OH radical and Cl atom reactions are involved in the
atmospheric removal of the hydrocarbons the slope, a, in Eq. (4) can be calculated by
the expression

(Kon)c + (ki) — (Kon) 4 _r(kCI)A)
(Kon)c + I (kci)e — (Kon)s =T (Kci)s

where k denotes the rate constants of the specific hydrocarbon (A, B, C) toward OH
radicals or Cl atoms and r is the ratio between the Cl atom and OH radical concentra-
tions (r = [CI)/[OH]). Using Eq. (5) the following expression can be derived in order to

(5)

ac|,oH= (
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calculate the [CI]/[OH] ratio

[C] _ acion ((kon)c — (kon)s) + (kon)a — (Kon)c
[OH] acion ((kc)g — (kei)e) + (Koe — (Kei)a

3.3.3 Experimentally derived Cl levels

Based on the above described concept, as an example, Fig. 5 presents the loga-
rithm of the ratio (n-butane/benzene) as a function of the logarithm of the ratio (n-
pentane/benzene) based on the data collected at Finokalia during the summer cam-
paign. These hydrocarbons have been also analysed in detail by Rudolph et al. (1997).
If NMHC variability is driven only by the reaction with OH radicals, the slope of the re-
gression depicted in Fig. 5 should equal 0.44 as derived from the corresponding ratios
of the reaction rate constants of the compounds against OH. In the case of exclu-
sive reaction with Cl atoms the slope of the above presented regression would change
to 0.80. These ideal slopes are different from those earlier reported by Rudolph et
al. (1997) mainly due to recent literature updates in the reaction rate constants that
have been adopted for the present study. However, the slope derived from the NMHC
observations in the present work is equal to 0.64+0.07 (+0), which is not significantly
different from the value of 0.58+0.02 reported by Rudolph et al. (1997). Consequently,
the [CI}/[OH] ratio of 1.3x1072, estimated from the 0.64 slope, is in very good agree-
ment with the value of 1.2x1072 reported by Rudolph et al. (1997).

The procedure described above has been applied to all possible pairs of NMHCg and
only slopes with significant correlation coefficients (r>0.85) were retained for further
investigation. Table 2 reports the median of [CI)/[OH] ratio derived for each month as
well as the number of the hydrocarbon pairs used for this determination. For each
month the concentrations of the Cl atoms were determined using both the ratios of
[CI)/[OH] and the levels of the OH radicals experimentally deduced. The derived ClI
atom levels range from 0.6x10* (low insolation period) to 4.7x10* atoms cm™ (high
insolation period). Moreover, the continuous measurements performed at the rural
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site indicate that Cl seasonal distribution follow well the variability of the OH radicals
(Fig. 6).

It is interesting to note the difference in Cl atom concentrations derived for summer
time at the natural site (Finokalia, median of 2.3x104, standard deviation of data, o,
+ 1.9x10% atoms cm_3) and at the rural area (University campus, Heraklion, median
of 4.5><1Of1 standard deviation of data, o, + 2.7x10* atoms cm'3). Although influence
from local anthropogenic sources could account for the higher values observed at the
rural site, more work is clearly needed in order to examine this hypothesis.

Cl atom concentrations have been also calculated as suggested by Singh et
al. (1996). Values were obtained based on the normalization of the night-time/daytime
hydrocarbon differences relative to carbon monoxide concentration (CO) derived from
the data set obtained at Finokalia during summer. A median value of 4.1 (standard
deviation of data, o, +1.2x10* atoms cm'3) has been obtained using this approach,
which has increased our confidence on the estimated levels of Cl atoms presented in
Table 2.

3.3.4 Consistency of the derived Cl atom levels with other Cl, measurements

Previous works conducted at Finokalia and other locations in the Eastern Mediter-
ranean report significant chloride (Cl) deficit compared to sodium (Na) (Mihalopoulos
et al., 1997; Kocak et al., 2004). The observed CI pattern indicates clear seasonal vari-
ability with higher deficit values during summer (Kocak et al., 2004), attributed to the
reactions of sea-salt with the acidic species, mainly sulphuric acid (H,SO,) and nitric
acid (HNOg), both presenting a summer maximum. These reactions form HCI in the
gas phase which can produce Cl atoms through the HCl + OH — CI + H,O reaction.
However, HCI is also formed through the reactions of various hydrocarbons (RH) with
Cl atoms (RH + ClI — R + HCI, where R is an alkyl radical).

Measurements of gaseous HCI were performed at Finokalia using the filter pack
technique during the summer campaign. The HCI measured values range from about
2 to 6 ppbv (average 3.0+£2.1 ppbv, n=30). Similar levels have been measured at Fi-
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nokalia using the Coffer and denuder techniques (Mihalopoulos, unpublished data)
during long-term measurements from June 2001 to June 2002. These data revealed
a well defined seasonal variability of HCI with values of about 2 ppbv during winter to
5ppbv during summer. The mean measured value of 3.0+£2.1 ppbv for 26 July to 4
August 2006, seems to be in a good agreement with the values determined during the
warm seasons in 2001 and 2002.

For the marine atmosphere a CI/HCI ratio of the order of 2.0x107° is expected
(see for instance Sander, http://www.mpch-mainz.mpg.de/~sander/ and Pszenny et al.,
2004). Using the measured HCI concentrations from the present work and the above
ratio, Cl atom levels in the range of 9.8x10” to0 3.0x10° atom cm™ can be estimated.
This Cl atom estimate should be viewed as upper limit since the available sampling
techniques for gaseous HCI (filter packs, denuders, Coffers) could collect other acidic
Cl-containing compounds in addition to the gaseous HCI. However, the derived Cl atom
levels are in reasonable agreement with the Cl concentrations indirectly estimated from
the measured NMHC variability.

3.4 Possible implications on regional atmospheric chemistry

Table 3 presents the lifetime of selected NMHCg relative to OH radicals and Cl atoms
based on the oxidant concentrations derived during this work. The data in Table 3
clearly reveal that OH radical and, in lesser extend Cl atom levels, control the life-
time for most of the studied hydrocarbons with the exception of few long lived NMHCg
(ethane and propane). However the conditions at Finokalia, with Cl deficit in the aerosol
phase and high OH radical levels during summer, prevail also at other locations around
Mediterranean (Kocak et al., 2004; Kouyoumdjian and Saliba, 2006). Under these cir-
cumstances it is expected that Cl atoms at levels as those estimated in the present
work would have a more regional significance, and could be the main oxidant con-
trolling the lifetime of long lived hydrocarbons, including methane (CH,), in the area.
Indeed based on our calculations Cl atoms can increase the removal of CH, from the
atmosphere by about 8% compared to the amount of CH, removed by OH radicals.
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4 Conclusions

Continuous hourly in situ measurements of C, to Cg NMHCs (45 compounds) were
performed on the island of Crete in the Eastern Mediterranean, at a coastal rural site,
from March to October 2006, and at a natural marine site, from 26 July to 4 August
2006. The large data-set (140 measurements in a marine area during an intensive
campaign and more than 250 analyses at a rural site) was used to estimate oxidants
levels in the atmosphere over the investigated area.

The levels of the OH radicals were derived from the diurnal variation of short lived
NMHCg under given air masses origin. The daytime OH radical concentrations were
found to range from 1.3x10° up to 4.0x10° radical cm‘s, in good agreement with 0-D
box-model simulations.

Cl atom levels were also estimated using the relative variability of various pairs of
NMHCg (on average 8 pairs). The determined concentrations of the Cl atoms range
from 0.6x10* to 4.7x10% atoms cm's, in line with the observed levels of gaseous HCI
in the area.

Our results indicate that, under well defined and uniform meteorological conditions,
NMHC measurements provide a useful tool to estimate OH and Cl levels in the atmo-
sphere. In addition, the estimated significant levels of Cl atoms can considerably con-
tribute to the oxidation of methane and other long lived hydrocarbons (ethane, propane)
in the troposphere of the investigated region.

Acknowledgements. Cecilia Arsene acknowledges financial support by the Marie Curie Intra-
European Fellowship Programme for her Postdoctoral Fellow stay at the University of Crete,
Greece (project MEIF-CT-2005-009578). Aikaterini Bougiatioti acknowledges financial support
from the Greek General Secretariat for Research and Technology (PENED 2003 grant).

6342

ACPD
7, 6329-6356, 2007

Tropospheric OH and
Cl levels in a marine
site

C. Arsene et al.

i

EG

c


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/6329/2007/acpd-7-6329-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/6329/2007/acpd-7-6329-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html

10

15

20

25

30

References

Atkinson, R. and Arey, J.: Atmospheric degradation of volatile organic compounds, Chem. Rev.,
103, 4605-4638, 2003.

Atkinson, R., Baulch, D. L., Cox, R. A., Crowley, J. N., Hampson, R. F,, Hynes, R. F,, Hynes, R.
G., Jenkin, M. E., Rossi, M. J., and Troe, J.: Evaluated kinetic and photochemical data for
atmospheric chemistry: Volume Il — gas phase reactions of organic species, Atmos. Chem.
Phys., 6, 3625—4055, 2006,
http://www.atmos-chem-phys.net/6/3625/2006/.

Bardouki, H., Berresheim, H., Sciare, J., Vrekoussis, M., Kouvarakis, G., Oikonomou, C,
Schneider, J., and Mihalopoulos, N.: Gaseous (DMS, DMSO, SO,, H,SO,, MSA) and par-
ticulate (MS™ and SOi‘) sulphur compounds during the MINOS campaign, Atmos. Chem.
Phys., 3, 1871-1886, 2003,
http://www.atmos-chem-phys.net/3/1871/2003/.

Berresheim, H., Plass-Dulmer, C., Elste, T., Mihalopoulos, N., and Rohrer, F.: OH in the coastal
boundary layer of Crete during MINOS, measurements and relationship with ozone photoly-
sis, Atmos. Chem. Phys., 3, 639-649, 2003,
http://www.atmos-chem-phys.net/3/639/2003/.

Bonsang, B., Kanakidou, M., and Lambert, G.: Non methane hydrocarbons chemistry in the at-
mosphere of an equatorial forest: a case of indirect photochemical production of OH radicals,
Geophys. Res. Lett., 88, 1250-1253, 1987.

Bonsang, B. and Kanakidou, M.: Non-methane hydrocarbon variability during the FIELD-
VOC’94 campaign in Portugal, Chemosphere — Global Change Science, 3, 259-273, 2001.

Collins, W. J., Derwent, R. G., Johnson, C. E., and Stevenson, D. S.: The oxidation of organic
compounds in the troposphere and their global warming potentials, Climatic Change, 52,
53-479, 2002.

Crutzen, P.: Photochemical reactions initiated by and influencing ozone in unpolluted tropo-
spheric air, Tellus, 26, 47-57, 1974.

Derwent, R. G., Carslaw, N., Simmonds, P. G., Bassford, M., O’Doherty, S., Ryall, D. B., Pilling,
M. J., Lewis, A. C., and McQuaid, J. B.: Hydroxyl radical concentrations estimated from mea-
surements of trichloroethylene during the EASE/ACSOE campaign at Mace Head, Ireland,
during July 1996, J. Atmos. Chem., 34, 185-205, 1999.

Derwent, R. G., Jenkin, M. E., Saunders, S. M., Pilling, M. J., Simmonds, P. G., Passant, N.

6343

ACPD
7, 6329-6356, 2007

Tropospheric OH and
Cl levels in a marine
site

C. Arsene et al.

i

EG

c


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/6329/2007/acpd-7-6329-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/6329/2007/acpd-7-6329-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html
http://www.atmos-chem-phys.net/6/3625/2006/
http://www.atmos-chem-phys.net/3/1871/2003/
http://www.atmos-chem-phys.net/3/639/2003/

10

15

20

25

30

R., Dollard, G. J., Dumitrean, P., and Kent, F.: Photochemical ozone formation in north west
Europe and its control, Atmos. Environ., 37, 1983-1991, 2003.

Economou, C. and Mihalopoulos, N.: Formaldehyde in the rainwater in the eastern Mediter-
ranean: occurrence, deposition and contribution to organic carbon budget, Atmos. Environ.,
36, 1337-1347, 2002.

Gerasopoulos, E., Kouvarakis, G., Vrekoussis, M., Kanakidou, M., and Mihalopoulos, N.:
Ozone variability in the marine boundary layer of the eastern Mediterranean based on 7-
year observations, J. Geophys. Res., 110, 1—12, 2005.

Gros, V., Williams, J., Van Aardenne, J. A., Salisbury, G., Hofmann, R., Lawrence, M. G., Von
Kuhimann, R., Lelieveld, J., Krol, M., Berresheim, H., Lobert, J. M., and Atlas, E.: Origin
of anthropogenic hydrocarbons and halocarbons measured in the summertime European
outflow (on Crete 2001), Atmos. Chem. Phys., 3, 1223-1235, 2003,
http://www.atmos-chem-phys.net/3/1223/2003/.

Hopkins, J. R., Jones, I. D., Lewis, A. C., McQuid, J. B., and Seakins, P. W.: Non-methane
hydrocarbons in the Arctic boundary layer, Atmos. Environ., 36, 3217-3229, 2002.

Jenkin, M. J., Saunders, S. M., Derwent, R. G., and Pilling, M.: Development of a reduced
speciated VOC degradation mechanism for use in ozone models, Atmos. Environ., 36, 4725—
4737, 2002.

Jobson, B. T., Niki, H., Yokouchi, Y., Bottenheim, J., Hopper, F,, and Leaitch, R.: Measurements
of C,-Cg hydrocarbons during the polar sunrise (1992) experiment. Evidence for Cl atom and
Br atom chemistry, J. Geophys. Res., 99, 25 355-25 368, 1994.

Kanakidou, M., Bonsang, B., and Lambert, G.: Light hydrocarbons vertical profiles and fluxes
in a French rural area, Atmos. Environ., 23, 921-927, 1989.

Kanakidou, M., Seinfeld, J. H., Pandis, S. N., Barnes, |., Dentener, F. J., Facchini, M. C., Van
Dingenen, R., Ervens, B., Nenes, A., Nielsen, C. J., Swietlicki, E., Putaud, J.P., Balkanski, Y.,
Fuzzi, S., Horth, J., Moortgat, G. K., Winterhalter, R., Myhre, C. E. L., Tsigaridis, K., Vignati,
E., Stephanou, E.G., and Wilson, J.: Organic aerosol and global climate modelling: A review,
Atmos. Chem. Phys., 5, 1053—-1123, 2005,
http://www.atmos-chem-phys.net/5/1053/2005/.

Kocak, M., Kubilay, N., and Mihalopoulos, N.: lonic composition of lower tropospheric aerosols
at a northeastern Mediterranean site: Implications regarding sources and long-range trans-
port, Atmos. Environ., 38, 2067-2077, 2004.

Kouvarakis, G., Tsigaridis, K., Kanakidou M., and Mihalopoulos, N.: Temporal variations of

6344

ACPD
7, 6329-6356, 2007

Tropospheric OH and
Cl levels in a marine
site

C. Arsene et al.

i

EG

c


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/6329/2007/acpd-7-6329-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/6329/2007/acpd-7-6329-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html
http://www.atmos-chem-phys.net/3/1223/2003/
http://www.atmos-chem-phys.net/5/1053/2005/

10

15

20

25

30

surface regional background ozone over Crete island in the southeast Mediterranean, J.
Geophys. Res., 105, 4399-4407, 2000.

Kouvarakis, G., Doukelis, Y., Mihalopoulos, N., Rapsomanakis, S., Sciare, J., and Blumthaler,
M.: Chemical, physical, and optical characterization of aerosols during PAUR Il experiment,
J. Geophys. Res., 107, 8141, doi:10.1029/2000JD000291, 2002.

Kouyoumdjian, H. and Saliba, N. A.: Mass concentration and ion composition of coarse and
fine particles in an urban area in Beirut: effect of calcium carbonate on the absorption of
nitric and sulfuric acids and the depletion of chloride, Atmos. Chem. Phys., 6, 1865—1877,
2006,
http://www.atmos-chem-phys.net/6/1865/2006/.

Lelieveld, J., Berresheim, H., Borrmann, S., Crutzen, P. J., Dentener, F. J., Fischer, H., Fe-
ichter, J., Flatau, P. J., Heland, J., Holzinger, R., Korrmann, R., Lawrence, M. G., Levin, Z.,
Markowicz, K. M., Mihalopoulos N., Minikin, A., Ramanathan, V., De Reus, M., Roelofs, G.
J., Scheeren, H. A., Sciare, J., Schlager, H., Schultz, M., Siegmund, P., Steil, B., Stephanou,
E. G., Stier, P, Traub, M., Warneke, C., Williams, J., and Ziereis, H.: Global air pollution
crossroads over the Mediterranean, Science, 298, 794799, 2002.

Liakakou, E., Vrekoussis, M., Bonsang, B., Donousis, Ch., Kanakidou, M., and Mihalopoulos,
N.: Isoprene above the Eastern Mediterranean: Seasonal variation and contribution to the
oxidation capacity of the atmosphere, Atmos. Environ., 41, 1002-1010, 2007.

Liakakou, E.: Factors controlling the variability of NMHCg above the Eastern Mediterranean,
PhD Thesis, University of Crete, 2007.

Logan, J.A., Prather, M. J., Wofsy, S. C., and McElroy M. B.: Tropospheric chemistry: A global
perspective, J. Geophys. Res., 86, 7210-7254, 1981.

Metzger, S., Mihalopoulos, N., and Lelieveld, J.: Importance of mineral cations and organics
in gas-aerosol partitioning of reactive nitrogen compounds: case study based on MINOS
results, Atmos. Chem. Phys., 6, 2549-2567, 2006,
http://www.atmos-chem-phys.net/6/2549/2006/.

Mihalopoulos, N., Stephanou, E., Kanakidou, M., Pilitsidis, S., and Bousquet, P.: Tropospheric
aerosol ionic composition in the eastern Mediterranean region, Tellus, 49B, 314—-326, 1997.

Moschonas, N. and Glavas, S.: Non-methane hydrocarbons at a high-altitude rural site in the
Mediterranean (Greece), Atmos. Environ., 34, 973-984, 2000.

Poisson, N., Kanakidou, M., Bonsang, B., Behmann, T., Burrows, J. P, Fischer, H., Golz, C.,
Harder, H., Lewis, A., Moortgat, G. K., Nunes, T., Pio, C. A., Platt, U., Sauer, F,, Schuster, G.,

6345

ACPD
7, 6329-6356, 2007

Tropospheric OH and
Cl levels in a marine
site

C. Arsene et al.

i

EG

c


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/6329/2007/acpd-7-6329-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/6329/2007/acpd-7-6329-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html
http://www.atmos-chem-phys.net/6/1865/2006/
http://www.atmos-chem-phys.net/6/2549/2006/

10

15

20

25

30

Seakins, P, Senzig, J., Seuwen, R., Trapp, D., Volz-Thomas, A., Zenker, T., and Zitzelberger,
R.: The impact of natural non-methane hydrocarbon oxidation on the free radical and ozone
budgets above a eucalyptus forest, Chemosphere — Global Change Science, 3, 353-366,
2001.

Putaud, J. P, Raes, F.,, Van Dingenen, R., Bruggemann, E., Facchini, M. C., Decesari, F., Fuzzi,
S., Gehrig, R., Uglin, C. H., Laj, P, Lorbeer, G., Maenhaut, W., Mihalopoulos, N., Muller, K.,
Rodriguez, S. Q. S., Schneider, J., Spindler, G., ten Brink, H., Torseth, K., and Wiedensohler,
A.: A European aerosol phenomenology. 2: chemical characteristics of particulate matter at
kerbside, urban, rural and background sites in Europe, Atmos. Environ., 38, 2579-2595,
2004.

Pszenny, A. A. P, Maldanova, H., Keene, W. C., Sander, R., Maben, J. R., Martinez, M.,
Crutzen, P.J., Perner, D., and Prinn, R. G.: Halogen cycling and aerosol pH in the Hawaiian
boundary layer, Atmos. Chem. Phys., 6, 2549-2567, 2006,
http://www.atmos-chem-phys.net/6/2549/2006/.

Ramacher, B, Rudolph, J., and Koppmann, R.: Hydrocarbon measurements during tropo-
spheric ozone depletion events, Evidence for halogen atom chemistry, J. Geophys. Res.,
104, 3633—-3653, 1999.

Read, K. A., Lewis, A. C., Salmon, R. A., Jones, A., and Bauguitte, S.: OH and halogen atom
influence on the variability of non-methane hydrocarbons in the Antarctic Boundary Layer,
Tellus, 2238, 59, 2007.

Rudolph, J., Koppmann, R., and Plass-Dulmer, C.: The budgets of ethane and tetra-
chloroethene: Is there evidence for an impact of reactions with chlorine atoms in the tro-
posphere?, Atmos. Environ., 30, 1887-1894, 1996.

Rudolph, J., Ramacher, B., Plass-Dulmer, C., Muller, K. P,, and Koppmann, R.: The indirect
determination of chlorine atom concentration in the troposphere from changes in the patterns
of non-methane hydrocarbons, Tellus, 49, 592—-601, 1997.

Sander, R. and Crutzen, P. J.: Model study indicating halogen activation and ozone destruction
in polluted air masses transported to the sea, J. Geophys. Res., 101, 9121-9138, 1996.

Singh, H. B., Gregory, G. L., Anderson, B., Browell, E., Sachse, G. W., Davis, D. D., Crawford,
J., Bradshaw, J. D., Talbot, R., Blake, D.R., Thornton, D., Newell, R., and Merill, J.: Low ozone
in the marine boundary layer of the tropical Pacific ocean: Photochemical loss, chlorine
atoms, and entrainment, J. Geophys. Res., 101, 1907-1917, 1996.

Tsigaridis, K. and Kanakidou, M.: Importance of volatile organic compounds photochemistry

6346

ACPD
7, 6329-6356, 2007

Tropospheric OH and
Cl levels in a marine
site

C. Arsene et al.

i

EG

c


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/6329/2007/acpd-7-6329-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/6329/2007/acpd-7-6329-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html
http://www.atmos-chem-phys.net/6/2549/2006/

10

over a forested area in central Greece, Atmos. Environ., 36, 3137-3146, 2002.

Vogt, R., Crutzen, P. J., and Sander, R.: A mechanism for halogen release from sea-salt aerosol
in the remote marine boundary layer, Nature, 383, 327-330, 1996.

Vrekoussis, M., Kanakidou, M., Mihalopoulos, N., Crutzen, P. J., Perner, D., Berresheim, H.,
and Baboukas, E.: Role of NO; radicals in oxidation processes in the eastern Mediterranean
troposphere during the MINOS campaign, Atmos. Chem. Phys., 4, 169-182, 2004,
http://www.atmos-chem-phys.net/4/169/2004/.

Vrekousis, M., Liakakou, E., Mihalopoulos, N., Kanakidou, M., Crutzen, P.J., and Lelieveld, J.:
Formation of HNO, and NO; in the anthropogenically-influenced eastern Mediterranean ma-
rine boundary layer, Geophys. Res. Lett., 33, L05811, doi:10.1029/2005GL025069, 2006.

Wingenter, O. W., Kubo, M. K., Blake, N. J., Smith, T. W., Blake, D. R., and Rowland, F. S.:
Hydrocarbon and halocarbon measurements as photochemical and dynamical indicators
of atmospheric hydroxyl, atomic chlorine, and vertical mixing obtained during Lagrangian
flights, J. Geophys. Res., 101, 4331-4340, 1996.

6347

ACPD
7, 6329-6356, 2007

Tropospheric OH and
Cl levels in a marine
site

C. Arsene et al.

i

EG

c


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/7/6329/2007/acpd-7-6329-2007-print.pdf
http://www.atmos-chem-phys-discuss.net/7/6329/2007/acpd-7-6329-2007-discussion.html
http://www.copernicus.org/EGU/EGU.html
http://www.atmos-chem-phys.net/4/169/2004/

Table 1. Monthly OH radical mixing ratios (median value and standard deviation) estimated
from the variability of selected NMHCg (ethene, propene, n-pentane, n-hexane and 2-methyl

pentane) and calculated by a chemical box model.

ACPD
7, 6329-6356, 2007

OH radical concentration (12 h)

3

Tropospheric OH and
Cl levels in a marine
site

C. Arsene et al.

radical cm™
Site Month
N present work 0-D model box
median Standard deviation marine
of estimates (o)
March 5 1.3E+06 0.5E+06 1.0E+06
April 5 2.2E+06 0.7E+06 1.7E+06
May 4 2.5E+06 1.5E+06 3.0E+06
June 4 3.2E+06 1.4E+06 4.1E+06
rural  July 4 3.4E+06 1.3E+06 4.5E+06
August 4 3.3E+06 1.9E+06 3.9E+06
September 4 2.6E+06 0.9E+06 3.2E+06
October 5 1.7E+06 0.6E+06 2.0E+06
marine July/August 5 4.0E+06 0.6E+06 ~ 4.4E+06

N — number of the hydrocarbons used in the estimation.
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Table 2. Median [CI)/[OH] ratios, number of pairs of NMHCg used for the CI/OH estimation,
the derived monthly mean Cl atom concentrations and the associated uncertainty expressed

as standard deviation of the estimates.
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Site Month y/x [CI/IOH] n [CI] o
atom cm™®
March 0.76 0.5E-02 8 0.6E+04 0.4E+04
April 087 1.1E-02 9 24E+04 2.0E+04
May 092 14E-02 7 3.5E+04 3.2E+04
June 0.79 1.4E-02 8 4.6E+04 3.7E+04
rural July 0.82 1.3E-02 7 4.7E+04 3.0E+04
August 0.75 1.3E-02 6 4.3E+04 2.3E+04
September 0.89 1.0E-02 7 3.6E+04 2.5E+04
October 089 1.1E-02 9 1.2E+04 1.0E+04
marine July/August 0.75 0.7E-02 15 2.3E+04 1.9E+04

n — number of pairs used in the estimation.
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Table 3. Hydrocarbon chemical reactivity with regard to OH radicals and Cl atoms, ratio of the
reaction rate of each hydrocarbon with Cl to that with OH, contribution of Cl reaction to the total
destruction of the hydrocarbon by OH radicals and Cl atoms, lifetime of the selected NMHCg
due to oxidation by OH radicals and Cl atoms.

CH,&NMHCs kg, Ko kafkoy %CP  lifetime toward®
cm?® molec™' 7! Cl OH
methane 1.00E-13 6.40E-15 16 8.2 14y 15y
ethane 5.90E-11 2.50E-13 238 576 85d 11.5d
propane 1.40E-10 1.00E-12 139 446 3.5d 29d
n-butane 2.10E-10 2.40E-12 87 335 24d 1.2d
acetylene 2.00E-10 2.50E-12 80 315 25d 1.2d
i-butane 1.40E-10 1.90E-12 74 298 35d 1.5d
n-pentane 2.50E-10 3.80E-12 66 274 2.0d 18h
n-hexane 3.00E-10 5.20E-12 58 249 1.5d 13h
i-pentane 2.00E-10 3.90E-12 51 228 25d 18h
cyclo-hexane 3.10E-10 7.00E-12 44 203 1.6d 10h
ethene 1.00E-10 8.50E-12 12 6.3 53d 9h
benzene 1.50E-11  1.20E-12 12 6.7 33d 24d
toluene 5.90E-11 5.60E-12 11 5.7 80d 12h
(m+p)-xylene 1.50E-10 1.40E-11 11 5.8 3.3d 5h
propene 2.40E-10 2.60E-11 9 5.0 21d 25h

% The reaction rate constants are from Atkinson and Arey (2003), Atkinson et al. (2006).

® The data in the column refers to the importance of the NMHCg reaction with Cl atoms vs. their
total reaction toward OH radicals and Cl atoms. The percentage was calculated according to
the (kg [Cll/ (kg [Cll+koy[OH]) expression.

° In the calculation of the selected NMHC lifetime toward Cl atoms or OH radicals were used
the upper limits in their concentration (2.3x104 Cl atoms cm™ and 4.0x10° OH radicals cm‘3)
as determined in the present experimental work for summer time.
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Fig. 1. Variability of ethane, propane (a), i-pentane and n-pentane (b) measured in a marine

area from 26 July to 4 August 2006 (Finokalia).
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Fig. 2. Monthly variability of ethane, propane (a), i-pentane and n-pentane (b) measured at a g

rural site (University campus, Heraklion) from March to October 2006.
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Fig. 3. Typical example of the kinetic analysis applied for the estimation of the OH radical con-
centration at a marine site. Decaying trend of selected hydrocarbons (a) and the dependence

of In(C,/C) vs. time (b).
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Fig. 6. Seasonal distribution of the experimentally determined Cl atom levels compared to the
experimentally and theoretically derived OH radical concentrations.
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