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Abstract. This is the first study that investigates the seasonall Introduction

variability of nitrate (NQ) radicals in the marine bound-

ary layer over the East Mediterranean Sea. An extensivd he self-cleaning efficiency of the troposphere is important
data set of N@ radical observations on the north coast for air quality, and depends on the oxidation and deposition
of Crete for more than two years (June 2001-Septembeof trace constituents. The most important oxidants in the at-
2003) is presented here. N@adicals follow a distinct sea- mosphere are the hydroxyl radical (OH) during daytime, the
sonal dependency with the highest seasonally average mixaitrate radical (N@) during nighttime, and ozone @pdur-

ing ratios in summer (5:61.2 pptv) and the lowest in win- ing the entire day.

ter (1.2£1.2 pptv). Episodes with high NOmixing ratios In the presence of nitrogen dioxide (MCand ozone (@),
have been encountered mainly in polluted air masses origiNOs radicals are formed in the lower troposphere mainly via
nating from mainland Greece, Central and East Europe, anfReaction (R1):

Turkey. Ancillary measurements of ozone, nitrogen dioxide

(NO,) and meteorological parameters have been conducteflO2 + Oz — NO3z + O (R1)

and used to reveal possible relationship with the observed . ) . ,

NO; variability. The acquired N@nighttime observations Puring daytime NQ radicals do not build up to measurable
provide the up-to-date most complete overview of N€m- levels (ca. 1 pptv) because they have a short lifetime of'abo.ut
poral variability in the area. The data show correlations of® S (Orlando et al., 1993) due to the radiation absorption in
the NO; nighttime mixing ratios with temperature (positive), the visible band of the solar spectru_m (m_ax_lmum absorption
relative humidity (negative) and to a lesser extend with O &t 662nm) and consequent photodissociation te & to
(positive). As inferred from these observations, on average? [€Sser extent NO (Reaction R2b).

the major sink of NQ@ radicals in the area is the heteroge- 3

neous reaction of dinitrogen pentoxide-(D) on aqueous NOs + v — NOz + OCP), A1 < 580nm (R2a)
particles whereas the homogeneous gas phase reactions of
NO3 are most important during spring and summer. Thesd O3 + /v — NO+0z. A2 < 700nm (R2b)
observations support a significant contribution of N@ght-

time chemistry to the oxidizing capacity of the troposphere. NOs radicals also react rapidly in the gas phase with NO to

form NO,. In polluted areas this reaction might dominate
the sink of NG during daytime. At night, NO levels are low,
especially in areas far from primary N@missions. This
in addition to the absence of light, which dissociatessNO
radicals, allows the build up of significant N@ixing ratios

during night.
Correspondence tavl. Kanakidou Besides its role in the formation of NQradicals, NQ
(mariak@chemistry.uoc.gr) also acts as a transient sink for i@ form N>Os via the
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temperature dependant equilibrium (R3) (Atkinson etal.,  because of the low mixing ratios and high spatial and tempo-
2004): ral variability involved.
NOs + NOy + M = N»Os + M (R3-3) The present study aims to investigate the seasonal variabil-

ity of NO3 radicals and the controlling factors in the marine
The equilibrium (R3:-3) depends strongly on temperature planetary boundary layer over the East Mediterranean Sea.
and therefore MOs can act as a reservoir or as a sink This region attracts attention as it is a cross point of various
for nitrate radicals and subsequently the nitrogen oxidesair masses of different origin. Depending on the wind di-
(NOx=NO+NGO,) depending on ambient temperature. Gas-rection, polluted air masses with important loading of ;NO
phase NOs might contribute to nitric acid formation via and anthropogenic aerosol are alternate with cleaner air orig-
reaction with water vapor, a process that is probably slowinating from the Atlantic Ocean and Sahara, e.g. with low
though uncertain (Wahner et al., 1998; Atkinson et al., 2003).03 and significant dust loading (Mihalopoulos et al., 1997;
Most importantly, NOs undergoes heterogeneous reactionsKouvarakis et al., 2000; Lelieveld et al., 2002).
with water on aerosol or/and in clouds to form Hpl@nd
nitrate (NG;) anions, thus leading to a net loss of NO
and NQ.. Reported uptake coefficients ob@5 (the ratio 2 Location of the station and experimental setup
of the number of gas molecules removed by the condensed
phase divided by the number of gas molecules colliding withNitrate radicals were measured by a long path differential op-
the particle)yno20s on different aerosol surfaces vary from tical absorption spectroscopy (DOAS) instrument (Platt and
2x10~* to 0.04 depending on temperature and surface comPerner, 1983) along a 10.4 km light beam at Finokalia station
position with the lowest values observed for aerosols contain{35.3 N, 25.3 E) on the island of Crete in the East Mediter-
ing organics (Schutze at al., 2002; Zetsch et al., 1992; Hu anganean for more than two years (June 2001-September
Abbatt, 1997; Badger et al., 2006; Brown et al., 2006). 2003). The sampling station characteristics and the exper-
The direct hydrolysis of N@radicals is slow withynoz imental device used for NDmeasurements have been de-
equal 4.410 % at 273 K (Rudich et al., 1996) In the aqueous scribed in detail elsewhere (Mihalopoulos et al., 1997; Kou-
phase NQ@ can also react with anions like Clto produce  varakis et al., 2000; Vrekoussis et al., 2004). N@di-
NOj; anions withynoz>2x 103 at 293K (Thomas et al., cals are detected via their two significant absorption bands
1998). at 623 and 662 nm in the visible region of the solar spec-
The NQ; radicals undergo gas phase reactions withtrum. To eliminate influences such as water bands; b
Volatile Organic Compounds (VOCS) (Atkinson, 2000) and lamp structures, the corresponding reference spectra are fit-
form peroxy (RQ) and hydroxyl (OH) radicals (e.g. Platt et ted simultaneously to derive the N®ignal, as described by
al., 1990; Carslaw et al., 1997a, b; Salisbury et al., 2001) Martinez et al. (2000) and Vrekoussis et al. (2004). Finally,
They also contribute to the conversion and subsequent rethe optical density of N@is quantified through the 662 nm
moval of NQ, to reactive nitrogen (Allan et al., 1999) form- peak using the absorption cross section reported by Yokelson
ing nitric acid (HNQ) and particulate nitrate (ND during et al. (1994). The integration time ranged from 10 to 30 min
night (Brown et al., 2004; Vrekoussis et al., 2006). depending on the visibility through the light path. Note that
Although for most VOCs, the rates of reactions with NO a single measurement is the average of several individual ab-
are lower than those with OH (Atkinson et al., 2004), there sorption spectra over a long optical path in the atmosphere of
are several VOCs that are very reactive towardszNfor 10.4 km, thus reducing the influence of small-scale variabil-
example, dimethylsulfide (DMS), isoprene, monoterpenesjty. The detection limit (signal to noise ratio S/N=3) for the
some alkenes and some aromatics.gM&actions with VOCs ~ NOg radicals has been estimated to 1.2 pptv.
proceed either via H-abstraction, forming HjQe.g. with Nitrogen dioxide has been measured in parallel withgNO
aldehydes, higher alkanes and DMS) or N\s@ldition, form- by changing the region of the light spectrum between the vis-
ing nitrated organic peroxides, which is the case of alkenesble (VIS) for NOz and the ultraviolet (UV) region for N®
and other unsaturated VOCs. During night N@ixing ra-  detection. NQ@ quantification has been achieved by using
tios can be 10-100 times higher than of hydroxy! radicalsthe optical density of the 405 nm peak and the cross section
during the day. In these cases pfadicals can be the main provided by Yoshino et al. (1997). Unfortunately, the NO
atmospheric oxidant for species with similar reactivity to- data set is not as extended as thesNiDservations due to
wards NQ and OH radicals (for instance various pinenes, the increased noise in the UV region caused by a malfunc-
Atkinson et al., 2004). Therefore, atmospheric processesion of the Photo Diode Arrays. Only good quality spectra
driven by NG radicals, involving both gas phase and hetero- (signal to noise ratio larger than 3) are used for the present
geneous chemistry, may be of importance for the oxidizinganalysis. The mean detection limit for M@®nixing ratios
capacity of the atmosphere and for nutrient nitrate formationwas 0.18-0.04 ppbv.
To our knowledge only two studies have addressed the role Short path UV absorption instrument (Dasibi — 1008) has
of NO3 on a seasonal basis (Heintz et al., 1996; Geyer et al.been used for the continuous 5-mig @easurements during
2001a). Seasonal N@adical measurements are challenging these two years. The instrument has a detection limit equal
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Fig. 1. NOg observations (in pptv) at Finokalia during 2 years of

li J 2001-September 2003).
sampling (June eptember ) Fig. 2. Monthly mean mixing ratios (left axis) ¢&) NOs, (b) NO»
and (c) O3 and their standard deviations (nighttime observations
S . only). Black squares, circles and triangles depict the maximum val-
to 1 ppbv as indicated by the manufacturer. An extensive 5- . ) )
. . th (right f NN dQg, tively.
min Og record since 1997 has been reported and analysed bl)J/es per month (right axis) of NNO, and G, respectively

Kouvarakis et al. (2000, 2002) and Gerasopoulos et al. (2005,

2006). Nitrogen monoxide is experimentally determined by gring  Heintz et al., 1996) and are significantly lower than
a Thermo Environmental Model 42C high sensitivity chemi- y,qse recorded by Platt et al. (1980) in Riverside, California

luminescence N@analyzer equipped with a molybdenum ;14 300 pptv). Our values are lower than those reported by
converter that in addition to NO and NQallows detection  gepastian (2004) for Finokalia during July 2000, period dur-
of PAN, nitric acid, and organic nitrates. The radioisotope ing which the area has been affected by exceptionally high
Radon-222 has also been measured for this study with a Z5i5mass burning events.

h sa!”npling time and detection_ limit bet_ter than 1 mBg/m _ Since @ and NG are precursors to Ng¥adical formation
gnd is used as a tracer of continental air Masses (see deta@l)’ examination of their levels and variability is essential
in Gerasopoulos et al., 2005). The meteorological paramesq, \ngerstanding the chemistry of NOFigures 2a—c show
ters (temperature, relative humidity, wind speed and direCyhe monthly mean (and maximum) nighttime mixing ratios
tion and solar |rraQ|ance) .have been measured by an aut%—f NO; radicals, NQ and @, observed during the studied
mated meteorologmal stat|_on and then averaged over 5m"ﬂeriod. NQ radical levels are high in spring (seasonal aver-
intervals. Local time (LT) is used for the presentation and age 3.2:0.9 pptv) and summer (5462 pptv) and low dur-
the discussion of the results hereafter. ing winter (1.2£1.2 pptv), and follow those of its precursors,
NO, and & and of NGlifetime depicted in Table 2 (see dis-

3 Results and discussion cussion in Sect. 3.3.2). _ _ _
The NG data series acquired with the DOAS instrument
3.1 NGO variability and impact of transport and presented here (Fig. 2b) provides the most complete

overview of NG temporal variability at a coastal area in the

Measurements were performed during a total of 392 nightsEastern Mediterranean since only few N@easurements
from June 2001 to September 2003. During 336 nightshave been reported in the literature for the area (Kourtidis et
NOj3 radical mixing ratios were above the detection limit al., 2002; Vrekoussis et al., 2004). The individual N@ea-
of 1.2 pptv (Fig. 1) and in 8 cases exceeded 100 pptv. Thesurements range from below the detection limit (0.18 ppbv)
maximum observed N&value was 139 pptv (June 2001) and up to 5ppbv. The annual mean M@nixing ratio based
the nighttime monthly mean value of the 2-year period wason observations above the detection limit is @8113 ppbv.
4.2+2.3 pptv (arithmetic average standard deviation). The lowest monthly average of 0.24 ppbv was observed in

As shown in Table 1, the monthly or seasonally averagedwinter and the highest (about 0.60 ppbv) in spring and sum-
NOj3 observations compare fairly well with data reported ear-mer.
lier for various locations and similar time periods. However, Similarly to NO; and NG, O3 minimum levels were reg-
the random peak levels of N@bserved at Finokalia mainly istered in winter (seasonal average value equais63ipbv)
during summer exceed by 40% earlier reported maximunwhile the highest levels were observed in late spring—mid
NOj3 values in the continental (100 pptv in autumn, Brown summer (summer seasonal average af 58ppbv) (Fig. 2c).
et al., 2003) and in the marine boundary layer (98 pptv inFor the studied 2-year period, the annual mean mixing ratio
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Table 1. NOs3 radical measurements for different environments and seasons reported in the literature. L: total path of the used DOAS
instrument.

Location Latitude-Longitude N® NO3 L (km) Time/Season Year Ref

Average (pptv) Max (pptv)

Continental Boundary Layer

Lindenberg, 52°13 N-1407 E 4.6 85 10 Feb-Sep 1998 Geyer et al. (2001a)
Germany

5.0 - 10 March—April 1998

5.7 - 10 May—-Sep 1998 “
Pabstthum, Germany 881 N-12°56 E - 70 12.6 July-Aug 1998
Boulder, Colorando, U.S. 46 N-10516 W - 100 - Oct-Nov 2001 Brown et al. (2003)
Riverside, California, U.S. 356 N-11723W - 288 - Sep 1979 Platt et al. (1980)

Marine Boundary Layer

Kap Arkona (Rigen Is- 54°30 N-1330 E 7.8 98 7.3 April 1993-May 1994 1993/94 Heintz et al. (1996)
land), Germany

Izana, Tenerife, Spain 28°40 N-16205W 8.0 20 9.6 May 1994 Carslaw et al. (1997a)
(2003 m)

- 20 9.3 June/July 1997 Allan et al. (2000)
Wayborne, 52°57 N-1°08 E 9.7 SP* - 5 Winter (4 nights) 1994  Allan et al. (1999)
England

10.0 25 5 Spring (4 nights) 1994 Carslaw et al. (1997b)

6 CL* - 5 Summer (4 nights) 1995 Allan et al. (1999)

111 - 5 Autumn (1 night) 1994 Carslaw et al. (1997b)
Mace Head, Ireland 539 N-9°54 W 1-5CL* 40 8.4 July/August 1996 Allan et al. (2000)

1-40 SP*

1-5CL* 40 8.4 April/May 1997 idem

1-40 SP*

3CL* 25 8.4 July/August 2005 Saiz-Lopez et al. (2006)

13 SP*
Helgoland, island 5%’ N-7°9'E P 40 3.6 October 1996 Martinez et al. (2000)
Finokalia, Greece 380 N-25°7'E 4.5 37 10.4 July/August 2001 Vrekoussis et al. (2004)

20.8 307.7 8.2 July 2000 Sebastian (2004)

5.6 139.3 104 Summer 2001 This work

3.4 64.1 10.4 Autumn 2001 “

1.0 6.0 10.4 Winter 2002 “

2.9 75.2 10.4 Spring 2002

5.3 119.2 10.4 Summer 2002 “

4.7 315 10.4 Autumn 2002 “

2.2 11.1 10.4 Winter 2003

5.1 101.4 10.4 Spring 2003 “

7.2 127.7 104 Summer 2003 “

7.8 62.9 10.4 September 2003

* CL=Clean conditions; SP=Semi-polluted conditions; P=Polluted conditions

of O3 is 48t9 ppbv with the 5-min observations ranging northwest sector, indicative of air mass transport from pol-
from 23 ppbv to 83 ppbv. Details on the seasonal variationluted continental areas. High levels of ozone (Fig. 3c) were
of O3 at Finokalia are given by Gerasopoulos et al. (2005). observed for wind directions from the north-west (Greece
The impact of the air mass origin on the levels of NO and central Europe) and north to north-east (east Europe,
radicals and other chemical species of interest for the presenturkey). NG (Fig. 3d) was also slightly enhanced when the
study has been investigated for the 2-year period. The rosdilr masses originate from the northwest sector, compared to
diagrams shown in Figs. 3a—f have been constructed by aysoutherlies. As shown in Fig. 2e, N@adicals were 50%
eraging within each 10 degrees of wind direction interval all higher when the air masses are of north-westerly origin in
data acquired during the 2-years of the study. They have to béomparison to all other source regions.
interpreted in conjunction with the various source areas that This dependency of the NOnixing ratios on the wind di-
surround Finokalia station, notably mainland Greece, centection has been further analysed for all NiBvels exceed-
tral Europe (N, NW), east Europe, Turkey (NE, E), Italy and ing 30 pptv (in total 32 cases) during the period June 2001
the western Mediterranean region (W), and Africa (SW, S,September 2003 (Fig. 1). Back trajectories of the air masses
SE). Note also that during winter air originates mainly from reaching the sampling location, calculated by the HYSPLIT
the Atlantic region and during summer from polluted Europe program [ttp://www.arl.noaa.gov/ready/hysplit4.himhre
and Turkey (Lelieveld et al., 2002). The wind speed andused to characterise the origin of these peaks. A high per-
Radon (Figs. 3a, b) highest values were associated with theentage (90%) of these elevated N©Qases is related to
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air masses from the northwest-northeast sectors, while the
remaining 10% has a local-mixed origin. For these 32
cases, the observed NQadical mixing ratios per wind
sector average 6437 pptv (northwest), 5838 pptv (north),
55+24 pptv (northeast) and 48.3 pptv (local and mixed).

To examine the importance of the individual chemical and
meteorological factors for N@radicals in detail, two char-
acteristic cases of high NQevels have been selected. Each
of the 32 high NQ episodes observed during this study can
be classified within one of these two categories (12 in case
one and 20 in case two shown below).

3.1.1 Case 1: intrusion into the boundary layer

During the night of 4-5 June 2002 a rapid increase irsNO
levels has been observed from 3 pptv to 102 pptv within 2.5 h
(Fig. 4). Shortly before the N@increase, the relative hu-

midity dropped from 75 to 55%, Radon declined by about .
0.8 Bq nt 3 while ozone and N@increased by about 7 ppbv éz
and 0.2 ppbv, respectively. These observations support an in- g‘;
trusion event during which dry air from the free troposphere 4
subsided into the nocturnal marine boundary layer, as identi- .

fied by the trajectory analysis (Fig. 4). The air masses origi-
nated from pOHUte.d Con.tinemal farez_as in Central Europe. Thq:ig. 3. Rose diagrams of th@) Wind speed(b) radon-222(c) O3
enha.n(.:ed N@radlcal mixing ratios in the frge tropospheric (d) NO2 and(e) NO3 as a function of wind direction at Finokalia,
subsiding a.'r mas;es, _may resu“ from the high Ievgls 0§ NO based on all nighttime observations integrated per 10 degree inter-
precursors in conjunction with depressedN@sses, in par-  yals of wind direction.

ticular via the NOs reaction with water vapour.

3.1.2 Case 2: transport from pollution sources temperature (T), relative humidity (RH), wind direction and
wind speed. The analysis is confined only to nighttime hours

tio increased from 4 pptvs to 104 pptv within less than 1.5 hdurlng which NQ radical mixing ratios exceed the detection

(Fig. 5). This rise was associated with the progressive in_I|m|t. Specifically, more than 11 000 data points were used

crease in wind speed and changes in the wind direction. Th%lOr the following analyses. A moving average has been ad-

. . : Oitionally applied to the data series in order to subtract the
back trajectory analysis reveals that these air masses ha . : . . .
seasonality (where existed) thus removing possible covari-

crossed the south-west coast of Turkey before reaching the . S )

. . - . ance between variables, which is due to their seasonal de-
sampling station. Note that under these conditions the station endence
is receiving air masses rich in N@nd Radon. The relative P ’
humidity in this case did not change but remained at rather3 21 Sinal . Vsi
low levels (20—30%); in parallel the temperature was almost™ INGIE regression analysis

constant decreasing by onl§Q throughout the night. ) i ) L .
The clear anti-correlation observed betweenadd NG Linear regression analysis revealed significant correlations

indicates titration of @ by NO leading to N@ production. &t Ehe 99%_confidence level betweien ﬁlfadii:als and @
Therefore, in contrast to the earlier case when air was transtR=0-12, N:9844)’ temperature (R=0.23, 1\1‘9736)' relative
ported in the free troposphere and then penetrated into thBUMidity (R=-0.19, negative correlation, N=9736) and wind

boundary layer at Finokalia, in this case the air mass origi-SP€€d (R=0.04, N=9736). No significant correlation was

nated from the polluted boundary layer and was transportedound between N@and NG. The scatter plots of Nomix-

at lower altitudes. ing ratios as function of € temperature and relative humid-
ity are shown in Figs. 6a—c. The averaged data (blue circles)

3.2 Correlations between N®@adicals and related species- for Os, temperature and RH with the correspondingd\®-

statistical analysis erages do help the easier visualization of the existing rela-

tionships and fit well with the regression lines drawn (red

Single and multiple regression analyses have been deploydihes) from the whole data set, obscured at first glance by the

to investigate the specific role of each of the factors that conincreased scattering of the values. A significant part of both

trol the levels of N@ radicals such as N§) Os, Radon-222, O3 and temperature correlation with N@adicals is due to

During the night of 11-12 May 2003 NQadicals mixing ra-
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Fig. 4. Variation of wind speed, temperatureg@nd NG; radicals during an intrusion of free tropospheric air masses associated with a
decrease in Radon and relative humidity and increases ain@ NG; radicals (time expressed in local time), and 5-day back trajectories of
air masses arriving at Finokalia on 4 June 2002 at 21:00 LT and on 5 June 2002 at 03:00 LT.

their common seasonality. This is supported by the fact thabeen rejected by the model at the 95% confidence level (al-
when the residuals of the ozone and temperature are used f@ha=0.05). The analysis has been repeated wittRBl and

the correlations with N@ (residuals derived by subtraction T, after eliminating the outliers. These outliers have been
of the annual cycle of the series simulated by fitting the sumidentified via residual analysis between the predicted and ini-
of a sine and its first harmonic to the data), the correlationtial NO3 values with the criterion of the-2 sigma. The de-
coefficients are lower and equal 0.08 and 0.17, respectively.rived linear correlation that expresses theN@riability is:

NO3 = (1.2+0.4)10°. O3+ (0.184+0.00) - T
+(—0.030+ 0.003) - RH + (—48+ 3) (1)

To evaluate the relative importance of each parameter fowhere NQ in pptv, Qs in pptv, T in K and RH in %, regres-
the NG; mixing ratios a multiple regression analysis has sion coefficients are accompanied by their respective stan-
been performed. Based on the single regression analysis relard errors.

sults, @, T, RH and wind speed have been chosen as indi- The R (0.072, N=8943) indicates that 7.2% of the vari-
vidual variable-parameters. Among them, wind speed hasbility of NO3 radicals can be explained by the above 3

3.2.2 Multiple regression analysis

Atmos. Chem. Phys., 7, 31827, 2007 www.atmos-chem-phys.net/7/315/2007/
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Fig. 5. Variation of wind speed, temperatureg @nd NG; radicals during Transport of polluted air masses as indicated by an increase in
Radon, and wind speed, change in wind direction followed by and increasedraN®depletion of @, an increase in N@radicals (time

expressed in local time) and 5-day back trajectories of air masses arriving at Finokalia on 11 May 2003 at 22:00 LT and on 12 May 2003 at
04:00 LT.

variables. This explained variability is related by 60%, 30% duction rate of N@ radicals by Reaction (R1) is given by
and 10% to the T, the RH and the @ariability, respectively.

° _ © . Y. esp _ Y Puos = knoy10s - INO2I[O3] 2

The results of both smgle and multiple regression "’m"’dy'wherek,\,oﬁo3 is the rate of this reaction. The losses of NO

ses show that the N§¥adicals are very sensitive to changes _ . . -
) . - radicals (fno3) are the sum of directf{y) and indirect loss
in temperature and relative humidity and, to a lesser extentrates (5)
to Oz variations. Relative humidity is the only parameter B/-

anti-correlated with N@due to the indirect removal via het-
erogeneous reactions ob8ls, as will be discussed below.

PN03

[NOs] )
The indirect losses of NQ(fp) are related to the loss of
N2Os (f") as shown below in Eq. (4) that is derived as-
suming steady-state conditions fos®k, NO3 (Geyer et al.,
2001b):

fNog = fa+ fB=

3.3 Factors controlling N@levels — mechanistic studies

Under steady state conditions the N@vels are in equilib- NOA1 — Pnog 4
rium between production (3) and lossesfnos). The pro- [NOs] = fa+INO2] - keq - fp @)
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Fig. 6. Scatter plots of N@mixing ratios (in pptv) as a function ¢&) Ozone (in 168 pptv), (b) Temperature (in K) angt) Relative Humidity
(in %). Blue circles are data averaged ever§ fptv (for O3), 5K (for temperature) and 12.5% (for RH).
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Fig. 7. Annual cycle(a) of observed N@ and of NbOs (left axis) calculated assuming steady-state conditions and no heterogeneous losses
and of the equilibrium constantJ{ of the Reactions [3,-3] (right axis) given byk=3x 10727 exp(10990/T) (Sander et al., 200@®)) of

the production (Rps: left axis) and the loss ratepnHs: see text; right axis) of N@radicals; monthly mean values and standard deviations
based on the June 2001 to September 2003 observations.

where calculated assuming steady-state conditions (Fig. 7a) present
kNO2LNO3 [N2Os] maxima in late spring and early summer.
keg= as = (5) From Egs. (3) and (4) we deduce that the slope of {NO

k-nzo5  [NO2]-[NOg] against Ros equals the turnover time of NOconsidering
The N;Os levels can be calculated based on the ob-boththe direct and the indirect losses of NO

served N@ and NO levels, and the temperature dependent 1

gquilibrium constantk,, of the revgrsible_reaction (Reac- ™03 = Fa + INOal - koy - 1} (6)
tion R(3—3)). For the whole sampling period monthly aver-
ages for NOs, Pyos, and fyo3 are shown in Fig. 7. In winter
when temperatures are lowed(Fig. 7a) is high thus shifting
the equilibrium towards pOs and increasing the importance T ) 3
of N,Os losses over the direct losses of pl@n addition, our ~ @nd Rios that equals the lifetime of N©radicals ¢nos) is

wintertime observations indicate a very efficient loss ofNO '. On the other hand, if the direct losses are negligible
(fnos: sum of direct and indirect losses; Fig. 7b) that dras-(f4~0) and the indirect N@loss predominates, the above
tically suppresses the bulk NGind N:Os pool levels and ~ €guation leads to

as will be discussed in Sect. 3.3.2 is related to the indirect 1

sink of NGs radicals. Therefore, §Os monthly mean levels TNOs = [NO2] - keg - 3 @)

If the indirect losses are negligiblep@#0), [NOs] should
be directly proportional to thends (significant correlation)
and, then, the slope of the linear relationship betweens]NO
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Fig. 8. Correlation of the logarithm of the lifetime of N{¥adicals as deduced from observations and the logarithm of Ni®ing ratios at
7 different relative humilities ranges (from 20% to 90% every 10%). Slopes closet fodicate higher involvement of the indirect losses
of NOs.

Thentnogz is proportional to the inverse of the N®nixing in K; Atkinson et al., 2004), under typical conditions in
ratio (or In@enoz)=—In(keq T3 [NO2])). the Mediterranean area during summer ([NED.5 ppbv,
Below the production and loss rates of N®@ill be exam- ~ and [Gs]=50 ppbv, T=298K) the production rate of NO
ined in detail. (Pnog) equals 4.%10° moleculescm®s™t (or 72 pptv
NOsz per hour). Assuming dynamic equilibrium of NO
3.3.1 Production rate of the NO (i.e. that the production by Reaction (R1) equals the loss by

photo-dissociation (Reactions (R2a) and (R2b)) and reaction
Based on Eq. 2) and the tempera- With NO, for average summer daytime [NOJ=0.05 ppbv

ture dependence of the reaction rate and kNOs+NO=1.8x 10*11-exp[¥’] =26x10 11cm?
kNOy+ 05 =1.4x 1(Tl3-exp[— %90] cm® moleculests™t (T
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Table 2. Indicators of direct (a) and indirect (b) N@osses and corresponding lifetimeg (@andzg, respectively). (a) Linear correlation of
the NGj radicals mixing ratio with the N@production rate (Ro3), and (b) linear correlation of the logarithm of the pl@fetime (rno3)
with the logarithm of the N@ mixing ratio. The linear slope of the direct sinks represents thg N€&€ime, t4, g are calculated from the
seasonal (or annual) NOQralues and the corresponding logarithmic equation presented in the table.

NOj3 values are expressed in molecules&nPyo3 in molecules cm3s—1, NO, in ppbv, tyozin s.

Period INGs]=/(Pno3) Slope (B)  t4 (min)  In[tnosl=f(IN[NO2]) y=ax+b(r2)  tg (min)
Year 300'+41(0.41) 5.0 y=(1.0+0.4)x+(4.6:0.1) (0.93) 5.4
Winter 174+20 (0.08) 2.9 y=(1.5+0.7)x+(2.8:0.6) (0.78) 2.3
Spring 52@:26(0.96) 8.6 y=(0.8+0.4)x+(5.1:0.3) (0.38) 7.5
Summer 20333 (0.10) 34 y=(1.140.1)x+(4.9:0.1) (0.88) 6.1
Summerl 32141 (0.99) 5.4 y=€0.6+0.1)x+(5.5:0.1) (0.95) 7.1
Summer2  106+29 (0.10) 1.8 y=(1.240.3)x+(4.9:0.1) (0.78) 6.7
Autumn 20050 (0.25) 3.3 y=(1.4+0.4)x+(3.3:0.2) (0.92) 2.3
Autumnl  649+152(0.75) 10.8 y=(0.8+0.1)x+(4.6:0.1) (0.97) 4.2
Autumn2  128+40 (0.35) 2.1 y=C1.6+0.5)x+(3.72:0.2) (0.94) 4.4

*experimentally deduced see text.

% S 75 /<
‘@ 09- 0 > ° £ \\\ df from OH
,i, § 504 \ df from NQ,
8” g I df from O,
%/ 0.6+ > 2]
£ 10 _ N
= o y =047 In(RH) - 0.98 . \

=] R =0.86 - -
68)-4 deMS dfisoprene
@

0'020 ' 4'0 ' 6'0 ' 8|0 ' 1(')0 Fig. 10. Contribution of the 3 major oxidants, OH, N@nd O3 to

) the annual mean degradation frequencies of DMS and isoprene for
R.H. in % the studied area.

Fig. 9. Correlation of the slope of the regression of{ifO3)]

. . . 3—1
versus the In[N@] (data from Fig. 8) as a function of RH. variability, ranging from 5.610" moleculescm®s™* to

5.5x 10° moleculescm3s™1.

1 3.3.2 Losses of N®

molecules!s™1, the steady-state daytime concentration
of NO3 is calculated to be about 0.1pptv. Maximum
temperature differences of 40 that have been observed
between summer and winter can change#by a factor of
3.5 (higher Ro3 during summer) assuming that the levels
of NO, and & do not change significantly. However, the
monthly mean temperatures differ by aboufC4between
summer and winter (Vrekoussis et al., 2006). In addition,
NO, and G mixing ratios are higher during summer
than during winter. Thus, the overall effect is that the
nitrate radical production ®3) is about 4 times faster
during summer than during winter. The annual mega#
derived from the monthly averages equals $2164)x10°
molecules cm®s~1 (Fig. 7). Note that Roz calculated over
the 5 min sampling time shows two orders of magnitude[N03]:300PN03(r2:O.41) (8)

Direct removal of N@ concerns the N®reactions mainly
with VOC, including DMS naturally emitted by the ocean,
and with peroxy (R®) radicals. The indirect removal of
NOj3 occurs via NOs formation and subsequent heteroge-
neous reactions.

For the following analysis, to reduce the high scatter
in the NG; data set (more than 15000 measurements),
NOs have been averaged per unit ofd3 equal to x10°
molecules cm?®s~1 andtyo3 (equal to 1/f03) has been av-
eraged per unit of N@equal to 100 pptv. The interpretation
of all data, according to the above analysis for the direct
sinks, leads to a linear regression
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whereas the derived equation for the indirect sinks is: the existence of indirect sinks for NQhat are strongly re-
lated to the presence of water vapour in the atmosphere. This
In(tno3) = —1.02IN[NO2] + 4.6(r*=0.93) (9)  clearly indicates the increasing importance oy hydrol-

] ] ysis with increasing RH and thus water vapour in the atmo-
where NQ values are expressed in moleculeséyPyogz in sphere.

molecules cm®s~1, NO, in ppbv, znos in s.
These results indicate relatively strong indirect losses in3 4 |mplications of the observations
this region during the 2-years period.

However there is also significant seasonal variability in gased on our observations, during nighttime the annual me-
the importance of the direct versus the indirectNIOSs  dian steady-state N§ifetime is estimated to be about 5 min
pathways as indicated by the seasonally resolved correlagng presents large temporal variability (up to a factor of 5)
tions (Table 2). During winter the direct sinks of N@d-  shown in Table 2.
icals are of little importance contrary to the indirect ones Taking into account the observed levels of Neadi-
Wh_ereas during spring the data_reveal a stro_ng linear COIMezas, several VOC species are subject to important night-
lation (-*=0.96) between N@radicals and their production - time chemistry initiated by N@ i.e. of similar relevance as
rate indicating dominance of the directlosses ofNSIignif-  yaytime chemistry driven by OH radicals (Vrekoussis et al.,
icant correlations between N®@adicals and their production 2004). Indeed, for the studied area, based on the observed
rate have been also determined for summer and to a IesseNo3 levels and the OH radicals observed during summer
extend for autumn. 2001 (Berresheim et al., 2003) and calculated for the other

Indeed, a closer examination of the dataset for these seasgz50ns (Vrekoussis et al., 2006), thesNi@tiated nighttime
sons reveals two sub-sets. The one sub-set corresponds \@yc oxidation appears to be more important than the day-
a higher linear regression slope and a significant correlatime oxidation by OH radicals for a number of VOCs, partic-
tion between Ros and NQ, whereas the second one does yjarly for monoterpenes and DMS. For these two volatile or-
not present any significant correlation betweap#and  ganic compounds of biogenic origin, isoprene and dimethyl-
NOs (Table 2). The first one, with a high production rate gifide that have been measured in the area (Liakakou et al.,
Pnos and high NQ mixing ratios, corresponds to steady- 2007;: Kouvarakis and Mihalopoulos, 2002), the degradation
state conditions in the area where the direct sinks 0§ @  frequencies have been calculated based on the observed sea-
important, most probably due to increased VOC concentragonally averaged N§) Os and temperature levels and the
tions from biogenic emissions, indicating dominance of di- j,gdelled OH for the area (Vrekoussis et al., 2006). The
rect NO; losses. The second subset is linked to high$  derived annual mean degradation frequencies for the area
high NG, and low NQ mixing ratios. In addition, for this  (Fig. 10) indicate that N@radicals are almost 6 times more
subset the slope of Injos) versus In[NQ] is significantly  efficient than OH radicals in destroying DMS. For isoprene
more negative than the respective of the subset one, thus, SUBzgradation, OH radicals are almost 4 times more efficient
gesting indirect sinks for the N§dadicals. These slopes have han NG and 10 times more efficient thanzQ@hat con-
to be viewed with caution since due to the large variability of yjhtes by about 8% to the degradation frequency of isoprene
the observations the slopes are associated with high uncegn an annual basis. In turn, our model calculations (Vrekous-
tainties that can generate absolute values higher than unity. sis et al., 2006: Liakakou et al., 2007) indicate that in the area

The above analysis is coherent with observations of bio-in the marine boundary layer DMS and isoprene contribute
genic organic compounds in the area that are reactive againgy about 5% and 20%, respectively, to the annual meag NO
NOs radical. These observations indicate enhanced levels Oéegradation frequency during night. Thus, VOC oxidation
isoprene during spring and summer (Liakakou et al., 2007)can lower NQ levels and shorten Nglifetime. These re-
and of marine dimethylsulfide (DMS) from spring to autumn gy|ts agree with recent observations of a positive; Kelical
(Kouvarakis and Mihalopoulos, 2002). However, lack of si- vertical gradient in the mid-latitude coastal marine boundary
multaneous measurements of ffadicals and biogenic or-  |ayer during summer (Saiz-Lopez et al., 2006). These au-
ganic compounds prohibits any deeper analysis of our data.thors have explained their observations by a potentially effi-

To further investigate the importance of the heterogeneougient removal of N@ radicals by DMS.
chemistry in N@Q removal via the reactions of 25, the In addition, the NQ initiated oxidation of VOCs con-
methodology applied by Heintz et al. (1996) has been fol-tipytes to the nighttime formation of OH and peroxy radi-
lowed. The logarithmic correlation between the NMe- a5 (Platt et al., 1990; Vrekoussis et al., 20 Finally, our
time and the N@ concentration is considered for 7 differ- yegyits underscore that nighttime chemistry initiated bysNO
ent ranges of relative humidity from 20 to 90% every 10%

(Fig. 8). It is found that the slope approaches the “ideal” lyrekoussis, M., Myriokefalitakis, S., Mihalopoulos, N.,
value of -1 at high relative humidity. Indeed the slope of kanakidou, M., et al.: Nighttime occurrence of peroxy radicals in
In[t(NO3)] vs IN[NO2] exhibits a nice logarithmic relation- the anthropogenically influenced marine boundary layer, in prepa-
ship with RH (Fig. 9; B=0.856, N=7) that further supports ration, 2007.
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radicals is as important as daytime chemistry for the forma-Atkinson, R., Baulch, D. L., Cox, R. A., Crowley, J. N, Hamp-
tion of nutrient, nitrate as discussed in detail by Vrekoussis son, R. F., Kerr, J. A,, Rossi, M. J., and Troe, J.: IUPAC rec-

et al. (2006).

4 Conclusions

This paper presents the first long-term N@dical observa-

tions performed by a DOAS instrument in the marine bound-
ary layer in the eastern Mediterranean region for a two-g

year period. The observed nighttime jl@vels vary be-
tween the detection limit of the instrument (about 1.2 pptv)

ommendations, Web versiohitp://www.iupac-kinetic.ch.cam.
ac.uk 2003.

Atkinson, R., Baulch, D. L., Cox, R. A., Crowley, J. N., Hamp-

son, R. F.,, Hynes, R. G., Jenkin, M. E., Rossi, M. J., and Troe, J.:
Evaluated kinetic and photochemical data for atmospheric chem-
istry: Volume | — gas phase reactions of Oy, NOy and SQ
species, Atmos. Chem. Phys., 4, 1461-1738, 2004,
http://www.atmos-chem-phys.net/4/1461/2004/

adger, C. L., Griffiths, P. T., George, |., Abbatt, J. P. D., and Cox,

R. A.: Reactive uptake of pOg by aerosol particles containing
mixtures of humic acid and ammonium sulphate, J. Phys. Chem.

and 139pptv with seasonal averages that have a maxi- A, 110(21), 6986-6994, 2006.

mum in summer (541.2 pptv) and a minimum in winter
(1.2+1.2 pptv); and an annual mean value of4223 pptv.

Berresheim, H., Plassilmer, C., Elste, T., Mihalopoulos, N., and

Rohrer, F.: OH in the coastal boundary layer of Crete during

Single and multiple component regression analyses on the MINOS: Measurements and relationship with ozone photolysis,
large number of simultaneous observations demonstrate tem- Atmos. Chem. Phys., 3, 639-649, 2003,

perature (positive correlation) and relative humidity (nega-

tive correlation) as the most important factors controlling
NOj3 levels, and to a lesser extend.OHowever, a signif-
icant part of NQ and temperature covariance is linked to
their seasonal variation.

Further data analysis points to the indirect loss ofsN@&
conversion to NOs, followed by heterogeneous reactions as
the major loss process for NQrear-around. Direct losses

of NOsz are shown to be important in spring and some sum-
mer and autumn periods with high biogenic emissions. Our

results also indicate that NQadicals can be important for
nighttime VOC oxidation, contributing to the nighttime for-
mation of peroxy radicals, nitric acid and particulate nitrate
and in turn biogenic VOC significantly contribute to the NO
degradation frequency during night.
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