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Abstract. In situ continuous hourly measurements gfC Light NMHCg (C>—Cg) include a large number of trace
Cg non-methane hydrocarbons (NMKChave been per- gases with lifetimes ranging from hours to few months. In
formed from March to October 2006 at two coastal loca- the past, measurements of various hydrocarbons with differ-
tions (natural and rural) on the island of Crete, in the East-ent chemical behaviour toward OH radicals and Cl| atoms
ern Mediterranean. Well defined diel variations were ob-were used by several groups to estimate atmospheric oxi-
served for several short lived NMHC(including ethene, dant levels, e.g. OH radicals and Cl atoms (Kanakidou et al.,
propene, n-butane, n-pentane, n-hexane, 2-methyl-pentane)989; Wingenter et al., 1996; Derwent et al., 1999; Bon-
The daytime concentration of hydroxyl (OH) radicals esti- sang and Kanakidou, 2001). For example OH radical levels
mated from these experimental data varied fromx1L.@® during night-time were estimated by Bonsang et al. (1987)
to ~4.0x10° radical cnT3, in good agreement with box- through NMHC vertical profile measurements performed in
model simulations. In addition the relative variability of a forested site. From changes in the concentration patterns
various hydrocarbon pairs (at least 7) was used to derivof NMHCg measured during tropospheric ozone depletion
the tropospheric levels of Cl atoms. The CI atom concen-events in the Arctic spring, Cl and Br atom levels in the
tration has been estimated to range betweerx 008 and  range of 3-&10* and 3-6<10’ atoms cm3, respectively,
4.7x10%atomcnt3, in good agreement with gaseous hy- were deduced (Jobson et al., 1994; Ramacher et al., 1999).
drochloric acid (HCI) observations in the area. Such levelsRecently, Read et al. (2007) reported for the Antarctic bound-
of Cl atoms can be of considerable importance for the oxida-ary layer, Cl and Br atoms concentrations in the range of
tion capacity of the troposphere on a regional scale. 1.7x10°-3.4x10* and 4.8<10°-9.6x 10" atoms cm3, re-
spectively.

The atmosphere of the eastern Mediterranean is char-
acterised by high insolation, humidity and ozone levels
throughout the year (Kouvarakis et al., 2000; Gerasopoulos
etal., 2005). Such conditions can lead to OH levels as high as
play an important role in the photochemistry of the at- 1x 10’ radical cnT3 measured around noon in August 2001

mosphere by influencing the concentration of the hydroxyl(B‘:"rresh_e_im et "’_‘l" 2003). .
(OH), hydro-peroxyl (HQ) radicals and ozone. Indeed, un- In addition, Mihalopoulos et al. (1997) and K_ouvarakls gt
der favourable conditions, including high solar radiation and@!- (2002) reported for the same area a significant chloride
nitrogen oxides, NMHC oxidation may lead to the produc- deficit in the aerosol phase relative to sodium, indicating po-
tion of ozone (Crutzen, 1974; Logan et al., 1981; Collins tential presence of Cl atoms in the gas phase. Indeed, this
et al., 2002: Jenkin et al., 2002; Derwent et al., 2003). |ndeficitis attributed to the reactions of sodium chloride (NaCl)
addition, the oxidation of several hydrocarbons is knownWith acidic species such as sulphuric aci®) and ni-

to produce secondary organic aerosol (SOA) that could afific acid (HNGs) present also at relatively high levels in the
fect human health, visibility and the Earth's energy balanceMediterranean atmosphere (Bardouki et al., 2003; Metzger et

1 Introduction

Non-methane hydrocarbons (NMHY; as trace gas species,

(Kanakidou et al., 2005). al., 2006). These reactions lead to the formation of gaseous
hydrochloric acid (HCI), which through reaction with OH

Correspondence taC. Arsene radicals is producing Cl atoms in the gas phase (Sander and

(carsene@uaic.ro) Crutzen, 1996; Vogt et al., 1996; Wingenter et al., 1996).
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Fig. 1. Map indicating the location of the sampling sites.

The present work provides, for the first time to our knowl- the 26 July to the 4 August 2006 an intensive sampling was
edge, information on the seasonal variation of the OH radi-also performed at Finokalia with hourly measurements from
cals and Cl atoms based on the hydrocarbon measuremen®s:00 to 22:00 every day, summer local time (140 samples).
performed at two coastal sites (natural and rural) on theis- Ajr 5amp|es were ana|ysed by a gas Chromatograph (GC,
land of Crete, located in the eastern Mediterranean. The levvarian Star 3400) equipped with an FID detector. For
els are inferred through the relative variability of selected each analysis 990ml of air were drawn from about 5m
measured hydrocarbons, chemical box model simulationgibove the ground via a stainless steel inlet at a flow rate of
and other well established methodologies. Their possibleso mImin~! (air sample integrated over 20 min). The sam-
importance for the oxidation capacity of the troposphere isple firstly passed via a trap filled with magnesium perchlorate
discussed. (Mg(ClO4)») to remove the humidity and then the hydrocar-
bons were trapped on Tenax TA cooled at abelil0C°C (the
temperature of ethanol and liquid nitrogen mixtutes°C).

The collected sample was thermally desorbed into another
trap containing glass beads kept&t96°C. After an enrich-
ment period of two minutes the content of the second trap

In situ measurements oG Cg NMHCg were conducted at Was injected (via thermal desorption) into an Rt-Alumina
two coastal locations on the island of Crete: the monitoringPLOT capillary column (AJO3/KCI, 50 m length, 0.53 mm
station of the University of Crete (Finokalia) and the Univer- 1D and 6.0um df). The thermal desorption in both cases was
sity campus (Heraklion). These two sites are refereed in th&nsured by heating the traps at 10temperature which has
text as natural and rural, respectively, following Putaud etbeen found to be adequate for complete desorption of the re-
al. (2004) and Van Dingenen et al. (2004) definition. The tained hydrocarbons. The column was initially held at@0
University campus is located at a rural area, 5km inlandfor one minute and then the following temperature program
from the N coast of the island, westward to the main city Was applied: increase at 12Dat a rate of 16C min~*, hold

of Crete, Heraklion, and is occasionally affected by emis-time 5min; increase at 16C at a rate of 25C min~?, hold
sions from the city. The air monitoring station at Finokalia time 5min; increase at a final temperature of 1Bt a rate

is a remote background site located in the N coast of the isof 25°C min-L. The total analysis time was 40 min.

land but 70 km eastward of Heraklion city. The stationislo- A gas mixture containing 1ppmv of fifty-five £Cg
cated 50 m far from the coast at about 250 m above sea leveNMHCg (22964-Restek, Spectra Gases) was used for the
(Fig. 1). In order to avoid possible influences from local identification of the compounds of interest. A certified
sources measurements of NMkl@ere performed at both gas standard mixture supplied by Air-Liquid, with a stated
sites during periods with prevalent N-NW winds of speed accuracy of 2%, and containing ethane (104 ppm), ethene
higher than 5ms!. From March to October 2006, inten- (110 ppm), propane (104 ppm), and n-butane (100 ppm) in
sive sampling and analyses were performed at the UniverN, was used as primary calibration standard and was daily
sity campus through campaigns consisting of hourly mea-injected with a pressure-lock syringe. The reproducibil-
surements of 2 to 3 days per month (250 samples). Fronity of the standard was better than 1% and the overall

2 Experimental

2.1 Site and experimental procedure
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reproducibility of the analysis of the order of 2%. The de- 1000 4+ —
tection limit was of the order of 2 to 5 pptv for they&Cs & @ 1
and G-Cy, respectively, and the precision of the analytical
technique was previously evaluated by Boissard (1992) to be ¢
within 6%. This calibration procedure has been previously
described in details (Bonsang and Lambert, 1985; Boissard .
et al., 1996; Bonsang and Kanakidou, 2001). The method is
suitable to quantify heavier NMHC, at pptv levels, and has -
been validated during intercomparison exercises (Apel et al.,
1994)' O i-pentanc: A n-pentane

The identified hydrocarbons were quantified on the base ’ ® ]
of the assumption of a uniform per-carbon response (C-
response) of the FID detector to the hydrocarbons of the pri-
mary calibration gas mixture ¢SC4 range). It has been ob-
served that the carbon response for acetylene is lower (of the
order of 10%) than for other hydrocarbons, for which the re-
sponse per carbon is identical and remains within the range
of accuracy of the measurements (lower than 2%). Acety- ®
lene, however, is usually used for its relative variation and as joors
a tracer of contaminated air masses transported from pollutec Sl
areas. 16

During the summer intensive campaign at Finokalia,
aerosol and gaseous samples were collected using the filte
pack technique, for the analyses of HNGHCI and NH.
The filter pack consists of a succession of 3-filters, namely
Teflon, glass fiber filter (GFF) and cellulose, the last two im-
pregnated with sodium carbonate ¢g€#s3) and citric acid,
respectively. In total 30 filter samples (sampling frequency
of 3 samples per day) were analysed by ion chromatography 04 | | | | | =
(details of the analytical procedure are given in Economou ,0%30
and Mihalopoulos, 2002). o
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2.2 Model description Fig. 2. Variability of ethane, propane, R# (a), i-pentane and n-

) . pentane(b) measured in a marine area from 26 July to 4 August
The chemistry model used to calculate the OH radical lev-2006 (Finokalia). Diel variation (mean relative mixing ratio) of the

els is a condensed chemical mechanism which, apart fronmeasured hydrocarbons is presented @dso

the background @INOx/OH/CO and CH chemistry, takes

also into account the oxidation chemistry of-&Cs NMHCg

including isoprene and dimethyl sulphide. The hydrocar-have been initialised to 1 ppbv (Lelieveld et al., 2002). This
bon chemical scheme used in the present study is an upmodel version has been previously applied to evaluate on a
date of the Poisson et al. (2001) scheme to IUPAC recomseasonal basis the impact of isoprene chemistry on the oxi-
mendations (Atkinson et al., 2006) and includesaN@d-  dizing capacity of the area (Liakakou et al., 2007).

ical and some surface reactions as described by Tsigaridis

and Kanakidou (2002) and Vrekousis et al. (2004, 2006).

No direct heterogeneous ozone losses are taken into accougt Results

whereas N@ and RQ heterogeneous losses are parameter-

ized as explained by Tsigaridis and Kanakidou (2002) and3.1 Seasonal and diel variations of NMEIC

Vrekoussis et al. (2004).

Hourly mean observations of QCO, NO, NQ, JNO;, Figures 2 and 3 show examples of the datasets obtained
JO'D, temperature, relative humidity (RH) and wind speed, during the present work and used for the experimental es-
from the background air monitoring station (Finokalia), have timation of the OH radicals. The hydrocarbon levels de-
been used as input to the model. Ethene, propene, ethantarmined during the present study are in good agreement
propane and butanes diurnal mean mixing ratios, measured iwith earlier reported observations for the Mediterranean area
the area in 2004 (Liakakou, 2007), are adopted in the mode{(Moschonas and Glavas, 2000; Gros et al., 2003). Fig-
as initial conditions. Formaldehyde (HCHO) mixing ratios ure 2 depicts the diel variability of relatively long lived

www.atmos-chem-phys.net/7/4661/2007/ Atmos. Chem. Phys., 7, 46832007
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30 —————"— 7 — 71— 10 chemistry can account for the observed diel variation. Mea-

r surements at Finokalia with a Laser Imaging Detection And
Ranging (LIDAR) system showed no significant changes in
the BL height during the daytime (G. Chourdakis, personal
communication, 2006). This behaviour is expected for a ma-
rine site as Finokalia, and long-term measurements of the BL
reported by Gerasopoulos et al. (2006) confirm this assump-
tion. Thus, the diel variability of the short lived hydrocarbons
is attributed to factors other than changes in the BL height,
notably dilution and/or local photochemistry.

r ® ethane & propane ]
25| -4 0.8

g

05 L | | | |

mixing ratios + stdev, ethane, ppbv
o
o
=0
mixing ratios + stdev, propane, ppbv

100

-%: L2 O i-pentane A n-pentane (b) loa -é 3.2.1 Impact of dilution

g 1 @

g ool 1§ Dilution of the air masses can be estimated usiné’Rvari-

g_ L j 0.3 5 . . . % .

2 4 ability measured at the marine site. As4Rnis emitted from

] o6k ; the continents only, when travelling above seawater its con-

B ] 0z 2 centration decreases due to both the radioactive decay and the

g | ) 3 1 3 dilution. Rr??? background concentration above continents

5 { %i { % 101 ® is of the order of 100 pCim?® in agreement with the value

£ | ] :§ of 120 pCint3 observed during the second period of the in-
0.0 L L L L L L L L ] 00 E

tensive in summer 2006 (Fig. 2a), when air masses changed
direction and originated from the island (western sector in-
Period of the year ~ fluence). During most of the experimental period, and under
the marine sector influence, the mearfRractivity was of

Fig. 3. Monthly variability of ethane, propan@), i-pentane and n-  the order of 65 pCim?®. Thus, dilution of air masses is given
pentan€b) measured at a rural site (University campus, Heraklion) by the equation:
from March to October 2006.

N & @ Y < <
\\\,&0 o W\ o o\ P&g\@ o o Odo\oe

D = (Ry/Rny) x e =" 1)

(ethane, propane, Fig. 2a) and short lived (i-pentane, nwhereD denotes the dilution factor, Rris the background
pentane, Fig. 2b) NMHE measured at Finokalia during the concentration of R#2 Rn, is Rr?22 concentration at time
campaign in summer 2006. Ethane does not show any clear in a transported air mass ardis the radioactive decay
diel variability and the changes in its pattern are mainly in- constant (Polian, 1984). By using the observed?Ruliel
fluenced by long range transport due to the relatively longvariability, during the measuring period at Finokalia in air
lifetime of ethane toward OH radicalgefhane11.5 days for ~ masses of the same origin (based on trajectory analysis), and
amean OH of & 10° radicals cnm®). In contrast, a clear diel ~ for k=0.18 d", we obtain dilution factorsi) ranging from
variation is observed for the shorter lived NMkiG- and n-  1.06 to 1.23 (average of1.16). This corresponds to an av-
pentane, but also for propane, which present a minimum laterage 12 h reduction by 15% due to dilution that is low com-
in the afternoon, especially during days when no significantpared to the photochemical decay af-Cs hydrocarbons.
changes occurred in the wind speed (Figs. 2b, c). Indeed, during the same period the decay due only to oxi-
The monthly variability of afore mentioned hydrocarbons, dation by OH radical accounts for 50-60% reduction in hy-
measured at the University campus from March to Octoberdrocarbon levels, i.e. a factor of 3 to 4 larger changes than
2006, is presented in Fig. 3. Species as ethane, proparettributed to the dilution.
(Fig. 3a) and i-pentane, n-pentane (Fig. 3b) show a clear sea-
sonal variability with a minimum during the warm season, 3.2.2 Impact of chemistry
mainly attributed to photochemistry. However, several other
factors like transport, emissions, boundary layer height canf© further highlight the role of chemistry on the diel variabil-
control the observed seasonal variability of the NMHDe- ity of the measured hydrocarbons, procedures proposed by
tailed analysis of these factors will be presented elsewhere. Other authors (Ehhalt et al., 1998; Jobson et al., 1999; Parrish
et al., 2007) have also been investigated. These authors sug-
3.2 Estimation of the OH radical levels from NMHC vari- gested that, in an isolated air parcel, the natural logarithms
ability of the ratios between various hydrocarbon pairs define clear
linear relationships with the slope determined by the OH rate
The measurements performed at both sites revealed a cleabnstants (predominant reaction sink pathway). Therefore,
decaying trend for the short lived NMH®ver the daytime. results from the analysis of the ratios between the natural
Factors like, boundary layer (BL) height, dilution and photo- logarithms of various hydrocarbon pairs are also investigated

Atmos. Chem. Phys., 7, 4664673 2007 www.atmos-chem-phys.net/7/4661/2007/
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Table 1. Ratios between natural logarithm of various hydrocarbon pairs. Data are compared with similar information reported by Ehhalt et
al. (1998) and Parrish et al. (2007).

. Values

Type of ratio &kow Remarks Present work Parrish et al.
theoretical 2.56 (2.3) 2.63
observed natural-(=0.64 1.62£0.09

In(n-butane/ethane)/In(propane/ethane) observed ruralr(zfo 53) ) 1.61-0.09 1.67+0.02
underestimation (%) ~37 (23) ~37
theoretical 2.15(1.77) 2.34
observed natural=0.55 1.35%0.09

In(i-pentane/propane)/In(n-butane/propane) observed ruralr(zjo.67) ) 132.0.06 2.4+0.06
underestimation (%) ~38 (25) -

kon (cm®molec1s™1)

ethane 2.50E-13 1.80E-13

propane 1.01E-12 8.90E-13

n-butane 2.40E-12 2.05E-12

i-pentane 3.90E-12 3.60E-12

The reaction rate constants are from Atkinson and Arey (2003) and Atkinson et al. (2006).
*Based on Ehhalt et al. (1998) concept that the theoretical slope is based on the square roots of lifetimes of the studied hydrocarbons.

and presented in Table 1. Data are compared with similanating the hydrocarbons removal. In both studied cases the
information reported by Parrish et al. (2007). For example,later condition is fulfilled and therefore these observations
in the present study analysis of the ratio In(n-butane/ethaneglearly indicate the predominant role of chemistry.

vs. In(propane/ethane) indicates a value of 1.61 for the ru-

ral site and 1.62 for the natural site. Parrish et al. (2007)3.2.3 OH radical levels

suggest that such behaviour is expected when aging is the

process causing the observed relationships. Our observd© estimate the OH radical levels we assume that the varia-
tion regarding the In(n-butane/ethane)/In(propane/ethane) raion of a hydrocarbon level (dC/dt) can be described by the
tio agrees well with the 1.67 (a value deduced from measurefollowing equation:

ments performed from 2001 to 2004) reported by Parrish et

al. (2007). The theoretical kinetic data adopted here suggestC/dt = P — S — Ex (2)
amuch larger ratio than normally observed (2.56 that is about i

37% higher than the value derived from the observations inwherg P represents 'OC?' production ternS., denotes the
the present study) and suggest evolvement of photochemic%r;i;l'](;?lesmk term anéxis the exchange with the free tro-

processing of the air masses. o ) ]
. Assuming i) that the local production equals 0 (valid for
For the In(i-pentane/propane) vs. In(n-butane/propane) .
. . . alkanes as seawater represents a weak source for light alka-
the ratio derived from the measurements performed in the

present work is 1.32 for the rural site and 1.35 for the naturalnes) and ii) that thé&x s very small compared to chemistry

site. Both ratios are about 38% lower than those predicte%”?%e?; Tr;ﬁ\llv?“:jne ?S&'g;’savz%kcpﬁi;?;m;%i'lgrtﬂg t?r;eeat(l;or
by the kinetic data. In addition, the average ratio of 1.34 is yisulp ’

about 45% lower than that reported by Parrish et al. (2007). Ca=Gs hydrocarbons, then Eq. (2) becomes:

Based on the approach developed by Ehhalt et al. (1998)dC/dt —_S ©)
comparison of the theoretical slope with the observed one
provides information on the importance of the removal by If only chemistry is important then the decay in the concen-
mixing with respect to the chemical decay. A value of 1 for tration of a hydrocarbon from its initial concentration, (Gt
the observed slope indicates that removal is essentially dughe beginning of the day to that after a timéC), due to its
to mixing. If the two slopes (theoretical and observed) arereaction with OH radicals and Cl atoms, is described by the
equal then transport and chemical removal are of similar im-equation:
portance. Finally, if the theoretical slope is greater than the
observed one then the chemical decay is the process domE=Cy x ¢~ (koHIOHI+kcilClx (4)

www.atmos-chem-phys.net/7/4661/2007/ Atmos. Chem. Phys., 7, 46832007
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Table 2. Monthly OH radical mixing ratios (median value and standard deviation) estimated from the variability of selectecsNéfhtDe,
propene, n-pentane, n-hexane and 2-methyl pentane) and calculated by a chemical box model.

OH radical concentration (12 h)

Site Month radical cnm3

N present work 0-D model box

median  Standard deviation of estimate$ ( marine

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.

By applying a natural logarithm, Eq. (4) leads to Eq. (5) in factor of 2 higher than the other NMHCFig. 4b) which can

the form: be explained by its highetc/ kon ratio than that of other
Co studied hydrocarbons (further discussed in Sect. 3.3).
|HE=(/€0H[OH] + kci[CI]) x ¢ (5) The concentration of the OH radicals was also de-

rived for the rural site (University campus) by using the
When the reaction with Cl is negligible and the decay of theabove described concept. The results are presented in Ta-
hydrocarbon is determined only by its reaction with OH, thenble 2. The OH radical levels at this site are estimated

Eq. (6) can be derived: to range from 1.310° (low insolation period) to about
c 3.4x 10 radical cnm3 (high insolation period). These ex-
|nEO:kOH[OH] X t (6) perimentally derived OH levels agree reasonably well with

those derived from the 0-D box model, averaged monthly

In this case, the slope of the regression of i@ asafunc- and for the daytime period, and presented also in Ta-
tion of the time t and the reaction rate constbgy, allows  ble 2. For instance the experimentally derived value of
the estimate of the mean OH concentration over the studied.0x 10°-£0.6x 1P radical cnt3, for the natural marine site
period t. Such analysis can be performed based on observaluring July/August 2006, is within 10% of the average value
tions of selected short lived hydrocarbons. The criteria usedf 4.4x10° calculated by the 0-D box model for the same
for this selection is a high reactivity toward OH radicals com- period.
pared to other atmospheric oxidants, for instance Cl atoms The coherence between the experimentally derived OH
and ozone (Atkinson and Arey, 2003; Atkinson et al., 2006).concentrations and the model calculations indicate that under

Figure 4 shows a typical example of the procedure appliedappropriate meteorological conditions (northward wind di-
to estimate the OH radical concentration from the variability rection and wind speed higher than 4™ shat ensure influ-
of the hydrocarbons measured at Finokalia. For this purposegnce of chemically aged air masses to the investigated site),
the observed decreasing trend during daytime has been atmeasurements of NMH{Ccan provide a useful tool for the
tributed to the reaction of the hydrocarbons only with OH estimation of the OH radical concentration.
radicals (Fig. 4a). The diurnal variation of selected short
lived hydrocarbons (ethene, propene, n-pentane, n-hexan8,3 Estimation of Cl atom levels from NMHC variability
2-methyl-pentane) has been therefore used to estimate the
levels of the OH radicals. 3.3.1 The evidence of Cl atom chemistry

Thus, a 12-h median value of 4&Q.0° radical cnt 3 (stan-
dard deviation¢) of the datat 0.6x10° radical cnt3) was  Apart from OH radicals, halogen atoms can also contribute
derived from the diurnal variation of ethene, propene, n-to the decay of the hydrocarbons during daytime, as shown
pentane, n-hexane and 2-methyl pentane. It is remarkable tm Eq. (4). Indication of the presence of halogen atoms in
note that n-butane leads to much higher OH levels (almost @he atmosphere can be obtained through examination of pairs

Atmos. Chem. Phys., 7, 4664673 2007 www.atmos-chem-phys.net/7/4661/2007/
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mation of the OH radical concentration at a marine site. Decaying 0 ‘ ‘
trend (mean relative mixing ratio) of selected hydrocarb@jsind 0.0 1.0 20

the dependence of IngIC) vs. time(b). [i-butane]/[propane]

. . . .. Fig. 5. Plots of i-butane/n-butane vs. n-buta@@ and i-butane/n-
of compounds that have almost identical reaction rates W't%utane vs. i-butane/propafie) during high and low insolation pe-

respect to OH radicals and very different reaction rates Withriods.
respect to Cl atoms, e.g. i-butane and n-butane.

Indeed, rates of removal by OH radical and Cl atom
for i-butane  kon=2.19x10712  kc=1.43x10°19),
n-butane Kon=2.40x10"12,  kc=2.18x10°1% and
propane Kon=1.01x10"12, kc=1.40x10°19, in units
of cm®molecule’1s~1, suggest theoretical ratios of about 2007)-

2:2:1 due to reaction with OH alone and approximately Based on NMHC observations at both sites the i-butane/n-
1:2:1, respectively, due to reaction with Cl alone. Due tobutane ratio is plotted against n-butane in Fig. 5a. Fig-
the differences in the hydrocarbon reactivity toward OH ure 5b depicts the distribution of the i-butane/n-butane vs.
radical and CI atom, examination of the i-butane/n-butanei-butane/propane under low and high insolation conditions
vs. n-butane distribution may indicate at a first insight the based on all available observations. The i-butane/n-butane
dominant acting radical chemistry, which in case of OH ratio varies between 0.3 and 38@.45, 1o standard devia-
predominance would lead to a constant i-butane/n-butand¢ion) for the rural site and 0.6 and 3.&0.44, 1o standard
ratio. Atmospheric dilution and mixing effect can be deviation) for the natural site. The i-butane/propane ratio is
diminished by including in the analysis a new hydrocarbon,in the range of 0.3 and 0.8:0.11, 1o standard deviation).

in this case propane. Again if the hydrocarbon chemistryDuring low insolation period the i-butane/n-butane ratio (0.3
is driven only by OH, the ratio of i-butane/n-butane would and 1.4,+0.28, 1o standard deviation), almost equals that
remain constant with the increase in the i-butane/propanef the i-butane/n-propane (0.1 and 14#40.32, 1o standard
ratio, while a more predominant Cl chemistry would lead deviation). The distributions presented in Fig. 5 and the

to a constant i-butane/propane ratio with the increase in the
i-butane/n-butane ratio (Hopkins et al., 2002; Read et al.,

www.atmos-chem-phys.net/7/4661/2007/ Atmos. Chem. Phys., 7, 46832007
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where [A], [B] and [C] denote the concentrations of the hy-
drocarbons 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. (7) can be
calculated by the expression

S ((kOH)C +r (kci)c — (kor)a —r (kCI)A)
(koH)c + r (kc)c — (kor) —r (kc))

wherek denotes the rate constants of the specific hydrocar-
bon (A, B, C) toward OH radicals or Cl atoms ands the

=
wn

——— 71—
O experimental points at a marine area

linear square fit of the experimental points

=
o

o
)

©)

o
o

In(n-butane/benzene)
o
o

1.0 T heoretica <lope for eacton with OH only ] ratio between the Cl atom and OH radical concentrations
- - —— theoretical slope for reaction with Cl only (r:[CI]/[OH]) USing Eq (8) the fOIIOWing expression can
-15 ‘ ‘ ‘ ‘ be derived in order to calculate the [CI]/[OH] ratio
2.0 -15 -1.0 0.5 0.0 05
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Fig. 6. Plot of In(n-butane/benzene) vs. In(n-pentane/benzene).

3.3.3 Experimentally derived Cl levels

observations related to the values of the various ratios infe'Based on the above described concept, as an example, Fig. 6
that (,:l at.oms may be present in the area. Howevgr, the pa presents the logarithm of the ratio (n-butane/benzene) as a
tern in Fig. 5b demonstrates also the increased importanc

. . . . ! nction of the logarithm of the ratio (n-pentane/benzene)
qf cl ch_em|stry _durmg the h'gh th_an durl_ng the I_OW m_sola- based on the data collected at Finokalia during the summer
tion period. During the low insolation period (mainly winter campaign. These hydrocarbons have been also analysed in
time) the photochemical decay of the hydrocarbons is Veryyetail by Rudolph et al. (1997). If NMHC variability is
low gnq their conpgntrations are more effectively inﬂ“enceddriven only by the reaction with OH radicals, the slope of the
by d|Iut|or_1 and mixing. _ ) regression depicted in Fig. 6 should be equal to 0.44 as de-
There is no appropriate analytical method that allows e from the corresponding ratios of the reaction rate con-
the direct mgasurement of Cl atom at levels of40 gioic ot the compounds against OH. In the case of exclusive
10°atoms cn® such as those expected in the atmosphere e ciion with CI atoms the slope of the above presented re-
(Singh et al., 1996; Wingenter et al., 1996; Rudolph et al., g eqqion would change to 0.80. These ideal slopes are dif-
1997, Read et al., 2007_)' In the afore me_ntlo_ne(_j works theerent from those earlier reported by Rudolph et al. (1997)
Cl atom levels were mainly deduced by using indirect meth-p iy que to recent literature updates in the reaction rate
ods such as analysis of logarithmic ratios plots for various ,stants that have been adopted for the present study. How-
NMHC pairs (Wingenter et al., 1996; Rudolph et al., 1997) g\ a1 the slope derived from the NMHC observations in the
or final global distributions of ethane and tetrachloro-ethenepresent work is equal to 0.60.07 (o), which is not sig-
(Rudolph etal., 1996). nificantly different from the value of 0.580.02 reported by

Other approaches, as simple empirical models to fit ObserRudolph et al. (1997). Consequently, the [CIJ/[OH] ratio of
vations of tetrachloroethene, ethane, ethyne and propane di§-3,.10-2 estimated from the 0.64 slope, is in very good

tribution over the Southern Ocean (Wingenter et al., 1999) Olagreement with the value of 1xA02 reported by Rudolph
measurements of ethane and hydroxyl radical over the equas; 4 (1997).

torial _Pacific Ocean (Wingente_r etal., 2005), were also used e procedure described above has been applied to all pos-
to estimate the Cl atom levels in these areas. sible pairs of NMHG and only slopes with significant corre-
lation coefficients>0.85) were retained for further investi-
gation. Table 3 reports the median of [CI)/[OH] ratio derived

The analysis in the present study is based on the concept d(fac—)r each month as well as the number of the hydrocarbon

srbed by Rt (1597) ykocatbons vanabity s 2052410 1S dlerninetn, P e o e concer
interrelated with their reactivity toward OH radicals and ClI 9

atoms through logarithmic approaches outlined here belowOf [CIV[OH] and the levels of the OH radicals experimentally
gh log bp deduced. The derived Cl atom levels range fromx16*

The dependence between the natural logarithms of the ratio ) . . P
. : . . . ow insolation period) to 4.% 10* atoms cnt? (high insola-
of different NMHC concentrations is described under ideal ;. : )
tion period). Moreover, the continuous measurements per-

conditions by a linear relationship as follows: formed at the rural site indicate that Cl seasonal distribution
[A] [B] follows well the variability of the OH radicals (Fig. 7). Ex-
Inﬁ—ax Inﬁ +b (") perimental error, uncertainties both in the OH estimates and

3.3.2 The concept of indirect Cl determination
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Table 3. Median [CI])/[OH] ratios, number of pairs of NMHEused for the CI/OH estimation, the derived monthly mean Cl atom concen-
trations and the associated uncertainty expressed as standard deviation of the estimates.

. [Cl]
Site Month y/x  [CI)/[OH] atom cnr3 o
March 0.76 0.5E-02 8 0.6E+04 0.4E+04
April 0.87 1.1E-02 9 2.4E+04 2.0E+04
May 0.92 1.4E-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 0.89 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.

available rate constants account for the large standard devia ee+6 . —

T T T T T le+5

tions of the calculated Cl concentrations. However, the levels [ EZZ OH - experimental :
of Cl atom derived here are in very good agreement with the - | B2 C1- experimental 1 geran,
values recently reported by Pszenny et al. (2007) by using a 5 | T Ot~ modelled 1 &
different approach. g de+6 |- ] eone E

It is interesting to note the difference in Cl atom con- = 1 =z
centrations derived for summer time at the natural site (Fi- & % 1 %
nokalia, median of 2.810% standard deviation of data, 9 e.s 1. g e
o, £1.9x10* atoms cn®) and at the rural area (University T » ! g 1 3)
campus, Heraklion, median of 430% standard deviation = g g ]2er4
of data,o, +2.7x10* atoms cm®). As it was already shown 2 Z é

in Fig. 1 the rural site is situated closer to the major urban 0
area of the island and thus is more susceptible to the influ-
ence from the anthropogenic pollution sources. The anthro-
pogenic impact at this site has been seen by the mean of o , ,
other pollution tracers as acetylene and black carbon (BC)!:lg. 7. Seasonal distribution of the _experlmentally detern_nned Cl
More acidic anthropogenic constituents could contribute to"’}tom levels _compared 1o the experimentally and theoretically de-
. . . rived OH radical concentrations.
an enhancement in the displacement mechanism of the Cl
(from sodium chloride, NaCl, sea-salt) to form HCI in the
gas phase. In terms of high Cl levels at a site located closert@.3.4 Consistency of the derived Cl atom levels with other
anthropogenic sources, our result is in good agreement with Cl, measurements
Pszenny et al. (2007) observations, which report higher ClI
levels under more polluted air masses. However, more workPrevious works conducted at Finokalia and other locations
is clearly needed in order to examine this hypothesis. in the Eastern Mediterranean report significant chloride (Cl)
Cl atom concentrations have also been calculated as sugleficit compared to sodium (Na) (Mihalopoulos et al., 1997;
gested by Singh et al. (1996). Values were obtained base#ocak et al., 2004). The observed Cl pattern indicates clear
on the normalization of the night-time/daytime hydrocarbonsseasonal variability with higher deficit values during sum-
differences relative to carbon monoxide concentration (CO)mer (Kocak et al., 2004), attributed to the reactions of sea-
derived from the data set obtained at Finokalia during sum-alt with the acidic species, mainly sulphuric acic,8@y)
mer. A median value of 4110* (standard deviation of data, and nitric acid (HN@), both presenting a summer maxi-
o, £1.2x10% atoms cnT3) has been obtained using this ap- mum. These reactions form HCl in the gas phase which can
proach, which has increased our confidence on the estimatgstoduce Cl atoms through the HCI+GHCI+H,0 reaction.
levels of Cl atoms presented in Table 3. However, HCl is also formed through the reactions of various
hydrocarbons (RH) with Cl atoms (RH+SIR+HCI, where
R is an alkyl radical).
For the marine atmosphere a CI/HCI ratio of the or-
der of 2.0x10°% is expected (see for instance Sander,

Y \ ]
@\6‘0‘(\ P‘Q‘\ VN&\) ,)\)(\e’ 3\>\\!P\\)Q\)5\e, «\\06‘00'\0\06‘

Period of the year °
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Table 4. Hydrocarbon chemical reactivity with regard to OH radicals and Cl atoms, ratio of the reaction rate of each hydrocarbon with CI
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.

CHa & NMHCs kg, k3 kelkop %CP lifetime towardt
cm® molec1s1 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 2.9d
n-butane 2.10E-10 2.40E-12 87 335 2.4d 1.2d
acetylene 2.00E-10 2.50E-12 80 315 25d 1.2d
i-butane 1.40E-10 1.90E-12 74 29.8 3.5d 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 2.5d 18h
cyclo-hexane 3.10E-10 7.00E-12 44 20.3 1.6d 10h
ethene 1.00E-10 8.50E-12 12 6.3 5.3d 9h
benzene 1.50E-11 1.20E-12 12 6.7 33d 2.4d
toluene 5.90E-11 5.60E-12 11 5.7 80d 12h
(m+p)-xylene  1.50E-10 1.40E-11 11 58 3.3d 5h
propene 2.40E-10 2.60E-11 9 5.0 2.1d 2.5h

@ The reaction rate constants are from Atkinson and Aschmann (1985), Atkinson and Arey (2003), Atkinson et al. (2006).

b The data in the column refers to the importance of the NMHE€action with Cl atoms vs. their total reaction toward OH radicals and Cl
atoms. The percentage was calculated according t&ghEX]/(kc)[Cl]+kon[OH]) expression.

€ In the calculation of the selected NMHC lifetime toward Cl atoms or OH radicals were used the upper limits in their concentratidf (2.3
Cl atoms cnm3 and 4.0<10° OH radicals cnim3) as determined in the present experimental work for summer time.

http://www.mpch-mainz.mpg.degander/ and Pszenny et those estimated in the present work would have a more re-
al., 2004). Using the measured HCI concentrations from thegional significance and could be an important oxidant con-
present work and the above ratio, Cl atom levels in the rangérolling the lifetime of long lived hydrocarbons, including
of 9.8x10* to 3.0x10° atomcnT? can be estimated. This methane (CH), in the area. Indeed based on our calcula-
Cl atom estimate should be viewed as upper limit since theions Cl atoms can increase the removal of JOkbm the
available sampling techniques for gaseous HCI (filter packsatmosphere by about 8% compared to the amount of CH
denuders, Coffers) could collect other acidic Cl-containingremoved by OH radicals.
compounds in addition to the gaseous HCI. However, the de-
rived Cl atom levels are in reasonable agreement with the
Cl concentrations indirectly estimated from the measured4 Conclusions
NMHC variability.
Continuous hourly in situ measurements eft€@Cg NMHC ¢

3.4 Possible implications on regional atmospheric chem+{45 compounds) were performed on the island of Crete in the

istry Eastern Mediterranean, at a coastal rural site, from March to

October 2006, and at a natural marine site, from 26 July to

Table 4 presents the lifetime of selected NM{i@lative to 4 August 2006. The large data-set (140 measurements in a
OH radicals and Cl atoms based on the oxidant concentraharine area during an intensive campaign and more than 250
tions derived during this work. The data in Table 4 clearly analyses at a rural site) was used to estimate oxidants levels
reveal that OH radical and, in lesser extend Cl atom lev-in the atmosphere over the investigated area.
els, control the lifetime for most of the studied hydrocar- The levels of the OH radicals were derived from the ob-
bons with the exception of few long lived NMHQethane  served diel variability of short lived NMHEunder given air
and propane). However the conditions at Finokalia, with Clmasses origin. The daytime OH radical concentrations were
deficit in the aerosol phase and high OH radical levels duringfound to range from 1.810° up to 4.0< 1P radical cnt3, in
summer, prevail also at other locations around Mediterraneagood agreement with 0-D box-model simulations.
(Kocak et al., 2004; Kouyoumdjian and Saliba, 2006). Under Cl atom levels were also estimated using the relative vari-
these circumstances it is expected that Cl atoms at levels aability of various pairs of NMHG (on average 8 pairs).
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The determined concentrations of the Cl atoms range fronBonsang, B., Kanakidou, M., and Lambert, G.: Non methane hy-

0.6x 10% to 4.7x10* atoms cnt3, in line with the observed drocarbons chemistry in the atmosphere of an equatorial forest:
levels of gaseous HCl in the area. a case of indirect photochemical production of OH radicals, Geo-
Our results indicate that, under well defined and uniform _ Phys- Res. Lett,, 88, 1250-1253, 1987. ,
meteorological conditions, NMHC measurements provide a>°nsang: B- and Kanakidou, M.. Non-methane hydrocarbon vari-
) . ability during the FIELDVOC'94 campaign in Portugal, Chemo-
useful _tpol to estimate OH z_and_ _CI levels in the atmosphere. sphere — Global Change Science, 3, 259-273, 2001.
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considerably contribute to the oxidation of methane and other oceanic atmosphere, J. Atmos. Chem., 2, 257271, 1985.
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