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Abstract. During the MINOS campaign (28 July–18 Au-
gust 2001) the nitrate (NO3) radical was measured at Fi-
nokalia station, on the north coast of Crete in South-East
Europe using a long path (10.4 km) Differential Optical Ab-
sorption Spectroscopy instrument (DOAS). Hydroxyl (OH)
radical was also measured by a Chemical Ionization Mass-
Spectrometer (Berresheim et al., 2003). These datasets rep-
resent the first simultaneous measurements of OH and NO3
radicals in the area. NO3 radical concentrations ranged from
less than 3×107 up to 9×108 radicals. cm−3 with an average
nighttime value of 1.1×108 radicals. cm−3.

The observed NO3 mixing ratios are analyzed on the ba-
sis of the corresponding meteorological data and the volatile
organic compound (VOC) observations which were mea-
sured simultaneously at Finokalia station. The importance
of the NO3 radical chemistry relatively to that of OH in the
dimethylsulfide (DMS) and nitrate cycles is also investigated.
The observed NO3 levels regulate the nighttime variation of
DMS. The loss of DMS by NO3 during night is about 75% of
that by OH radical during day. NO3 and nitrogen pentoxide
(N2O5) reactions account for about 21% of the total nitrate
(HNO3(g)+NO−

3(g)) production.

1 Introduction

The quality of the air and climate depend on the emissions,
chemical transformation and deposition of trace constituents
in the atmosphere. The self-cleaning efficiency of the tropo-
sphere is important to conserve air quality both during day
and night. The most important oxidant species that regu-
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late the self-cleaning efficiency of the troposphere are the OH
radical, the NO3 radical and ozone.

During the day, OH plays a decisive role in the cleaning
mechanism of the atmosphere. During the night its concen-
tration is, in most situations, negligible, thus, NO3 radicals
and O3 are the main oxidants (e.g. Platt et al., 1984; Wayne
et al., 1991; Poisson et al., 2001). NO3 reacts with a number
of VOCs initiating their night time degradation (Atkinson et
al., 2000). It also contributes to the removal of NOx (Allan
et al., 1999) mainly via nitric acid (HNO3) and particulate
nitrate formation.

Regardless their importance, measurements of OH and
NO3 are scarce as they have been proven difficult due to the
very low concentrations and the high spatial and temporal
variability of these radicals. However, the DOAS measure-
ments average over a few minutes of time and a few kilome-
tres of distance (see Sect. 2.1) and thus partially integrate the
time and space variability of the radical. The relative contri-
bution of these two radicals to the oxidation efficiency of the
atmosphere requires further investigation.

The major source of NO3 is the oxidation of nitrogen diox-
ide (NO2) by ozone (O3):

NO2 + O3 −→ NO3 + O2 (1)

The production rate of NO3 (PNO3) by this reaction is
given byPNO3=kNO2+O3·[NO2]·[O3] and equals 0.072 ppbv
NO3 per hour, for 0.5 ppbv of NO2 and 50 ppbv of O3 at
298 K, conditions typical of the Mediterranean area during
summertime.

During the day, NO3 has a very short lifetime (about 5 s)
due to its strong absorption in the visible region of the so-
lar spectrum (maximum absorption at 662 nm) and its rapid
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Fig. 1. Location of the Finokalia station, the retroreflectors and an indication of the light path of the DOAS instrument during the experiment.

photodissociation, mainly to NO2 (Reaction 2a) and to a
lesser extent to NO (Reaction 2b):

NO3 + hν −→ NO2 + O(3P) (2a)

NO3 + hν −→ NO + O2 (2b)

In mid-latitudes near the surface the combined pho-
tolysis rate of the Reactions (2a) and (2b) is about
J2=0.2 s−1=720 h−1 at noon during summer. Assuming
dynamic equilibrium of NO3 (production by Reaction (1)
equals loss by photo-dissociation (2a and 2b)), the day-
time concentration of NO3 is calculated to be 0.1 pptv
(PNO3/J2=[72 pptv h−1]/[720 h−1]). Such low NO3 levels
cannot be detected by the DOAS instrument as will be dis-
cussed later.

In the presence of NO, NO3 is rapidly converted to NO2
via Reaction (3). At 298 K and for a NO concentration of
about 0.3 ppbv, the Reaction (3) is equivalent to the NO3 loss
via photo dissociationJ2 in mid latitudes at noon:

NO + NO3 −→ 2NO2 (3)

NO3 reacts with NO2 to produce N2O5 via the temperature-
dependent equilibrium (Waengberg et al., 1997):

NO3 + NO2 + M 
 N2O5 + M (4)

Subsequent removal of nitrogen pentoxide (N2O5) leads to a
net loss of NO3 from the atmosphere. In the gas phase N2O5
can contribute to nitric acid formation following first and sec-
ond order reactions with water vapour (Wahner et al., 1998;
Atkinson et al., 2003; http://www.iupac-kinetic.ch.cam.ac.
uk/):

N2O5 + H2O → 2HNO3 (5a)

N2O5 + 2H2O −→ 2HNO3 + H2O (5b)

The rates of the above reactions remain rather uncertain
since the temperature dependence of these rates is not satis-
factorily documented (Dimitroulopoulou and Marsh, 1997).
Thus, the Wahner et al. (1998) temperature independent esti-
mates, which are recommended by Atkinson et al. (2002), are
used in the present study. Note also that Sander et al. (2003;
JPL recommendations) give a slightly higher upper limit of
2×10−21 for the first order Reaction (5a). They also point out
the large difficulty in distinguishing between the gas phase
and the heterogeneous reactions of N2O5 with water and
mention that the rate of (5a) could be 4 times lower, as has
been measured by Sverdrup et al. (1987). This fourfold un-
certainty is taken into account in the following discussion.

Additional HNO3 formation paths involve VOC reactions
with NO3 and particularly DMS, aldehydes and higher alka-
nes (through the H abstraction mechanism) as well as hetero-
geneous reactions of NO3 or N2O5 on particles (Heintz et al.,
1996). The NO3 reaction with unsaturated VOC proceeds via
addition of NO3 to the double C bond and does not produce
HNO3.

Several authors reported important interactions between
nitrogen and sulfur cycles in the marine atmosphere via the
NO3 radical (Yvon et al., 1996; Carslaw et al., 1997; Allan et
al., 1999; 2000). For instance, Allan et al. (1999) calculated
that at NOx levels exceeding 100 pptv, conditions typical of
the marine atmosphere in the Northern Hemisphere, OH and
NO3 radicals are expected to equally contribute to the loss
of DMS. The NO3 radical contributes also to HNO3 produc-
tion during night as was shown by several studies including
Heintz et al. (1996), Mentel et al. (1996), Allan et al. (2000),
Geyer and Platt (2002).
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Fig. 2. Sketch of the long path DOAS system.

As part of the MINOS experiment daily measurements of
ambient NO3 concentrations were conducted during summer
2001, at the ground level station at Finokalia on the north-
eastern coast of Crete. The aim was to study the NO3 occur-
rence in the Mediterranean marine boundary layer, to evalu-
ate the NO3 role in the oxidation efficiency of the atmosphere
and provide insights in the interactions between S and N cy-
cles. To achieve these goals simultaneous measurements of
OH, DMS, NO2, gaseous HNO3 and particulate NO3 have
been performed during a one month period.

2 Experimental

2.1 Setup of the long path DOAS instrument

The NO3 radical mixing ratio has been monitored continu-
ously by using a long path DOAS instrument at Finokalia
(35.3′ N, 25.3′ E), Crete, Greece, 150 m above sea level, from
28 July to 18 August 2001 (Fig. 1). The monitoring station
of the University of Crete at Finokalia is located 70 km east-
ward of Heraklion (137 000 inhabitants) and 25 km west of
Agios Nikolaos (19 000 inhabitants), the nearest big towns in
the area. These towns do not have any noticeable influence
on the site due to the prevailing north winds.

The DOAS instrument used during MINOS was provided
by the Max-Plank-Institute for Chemistry in Mainz and has
been used in the past in several campaigns. The details
of its operation have been presented elsewhere (Martinez
et al., 2000); here only a short description is given. The
DOAS uses a parabolic mirror behind a Xenon high pres-
sure lamp (supplied by Hanovia, 500 W) to produce a par-
allel light beam (Fig. 2). At a distance of 5.2 km, an ar-
ray of 30 retro-reflectors of 5 cm diameter reflects the main
beam backwards to the sending point (total light path is

10.4 km) where another parabolic mirror focuses the light to
the optical fibre in front of the collecting mirror. The re-
flectors are located near the sea surface (about 10 m asl) so
the DOAS measurements correspond to average concentra-
tions within the first 150 m a.s.l. Through an optical fibre
(inner diameter 600µm) the light is transmitted to the spec-
trograph and then to the detector. The spectrograph is based
on a holographic lattice of the Fa. American Holographic
(455.01, 240–800 nm) with a focal length of 212 mm, a lin-
ear dispersion of 7 nm mm−1 and a diffraction grating with
550 grooves mm−1. The detector used to record the data is a
1024 pixel photodiode array (PDA, RY-1024, Hamamatsu),
fixed to the focal plane of the spectrograph and cooled to
−20◦C to minimize the dark current.

The spectrum (N) used for the calculation of the species of
interest has been obtained using the following equation:

N=
M−S

L−O

where:

– M is the atmospheric spectrum measured when the light
path is focused on the centre of the fibre and contains
scattered light,

– S is a spectrum of the atmospheric background due to
scattered light measured by mechanically shifting the
focus of the collecting mirror about 1 cm away from the
optical fibre,

– O is the offset measured when the fibre is lidded by a
black cover,

– L is the Lamp spectrum measured when the fibre is
mounted directly to the lamp.
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Fig. 3. NO3 time series (in pptv) obtained at Finokalia during the
MINOS campaign.

Note that after each S spectrum measurement the light is
refocused on the focal point using an optimisation procedure
that is computer controlled. Since a S spectrum is taken be-
fore each individual measurement, several S spectra are used
for an integrated 30-min averaged measurement.

The N spectrum is then smoothed by fast Fourier trans-
form, firstly with a high pass frequency filter and secondly,
with a low pass frequency filter in order to remove i) high-
frequency noise from the variability of the diode arrays, ii)
adjacent broader spectral trends caused by Rayleigh and Mie
scattering in the atmosphere and iii) detector etaloning. Ev-
ery measurement is the mean value of nineteen individual
ones and, on average, lasted 30 minutes.

The method used to obtain the final spectrum con-
taining the information for the species of interest is the
multi-scanning technique described in detail by Martinez-
Harder (1998) and Brauers et al. (1995).

The NO3 radical is detected in the visible spectral range.
Two absorption peaks have been identified in the red re-
gion at 662 and 623 nm. In this work both NO3 absorp-
tion bands are used for the NO3 evaluation procedure and
the band (B2E

′
−X2A′

2) at 662 nm is used for the quantifica-
tion. Apart from the NO3 radical, the main absorbers in that
region (620–670) nm are water vapour and NO2, and these
species are fitted along with NO3 in the analysis routine. The
influence of water is much more critical for NO3 than that
of NO2 because overtone vibrational bands of water peak at
651.5 nm, very close to NO3. Since the concentration of NO3
during daytime is negligible due to its rapid photolysis, day-
time reference spectra (collected several times per day) are
used as references for the humidity in the deconvolution pro-
cedure. These reference spectra for H2O and NO2 were then
fitted simultaneously with the NO3 reference spectrum to de-
rive the NO3 radical signature using a least-squares fitting
routine that employs singular value decomposition. The thus
derived optical density of this peak and the NO3 cross sec-

tions reported by Yokelson et al. (1994) are used to determine
NO3 radical concentration. The instrumental noise (σ) that
determines the detection limit of the method leads to a detec-
tion limit (3σ) of 1.2 pptv. Note that the few negative NO3
values that have been calculated with this procedure have ab-
solute values that are always below the detection limit of the
method. These values are depicted in Fig. 3 that presents
NO3 observations by the DOAS instrument integrated ap-
proximately every 30 min during the whole campaign. The
negative values are not taken into account for the interpreta-
tion and discussion of the results. Missing data were due to
power breakdown or to drift of the focal point of the instru-
ment during operation.

Nitrogen dioxide was measured also using the DOAS tech-
nique. The procedure is similar as the one described above
for the NO3 except that NO2 has also clear peaks in the UV
region. NO2 was calculated from its peak at 405 nm with a
cross section of 6.38×10−19 cm2 (Yoshino et al, 1997). The
mean instrumental noise (σ) in the case of NO2 has been es-
timated to be 80 pptv, which leads to a detection limit (3σ )
of 240 pptv.

2.2 Ancillary measurements

DMS was collected into 6-liter stainless steel electropolished
canisters and analysed following the procedure described in
details by Kouvarakis and Mihalopoulos (2000) and Bar-
douki et al. (2004). One sample was sampled and analysed
per hour and the detection limit was 1 pptv.

Gaseous HNO3 was analysed using the nebulization/reflux
(Cofer mist) technique described in Cofer et al. (1985)
and Sciare and Mihalopoulos (1999). A 0.5µm PTFE fil-
ter was mounted in front of the Cofer line to collect aerosols.
Gaseous HNO3 was trapped by the mist and was analyzed
as nitrate by Ion Chromatography. Simultaneously the PTFE
filter situated in front of the Cofer sampler was extracted with
MQ-water and analysed for nitrate using Ion Chromatogra-
phy. Details on the analytical procedure can be found in Kou-
varakis et al. (2000).

The meteorological data was obtained by an automatic me-
teorological station, which recorded ambient air temperature
(T), relative humidity (RH), wind speed, wind direction and
the direct solar radiation. The available data during the MI-
NOS related to the NO3 analysis and the corresponding ana-
lytical techniques, instruments and detection limits are sum-
marised in Table 1.

3 Results

3.1 Measurements

The measured temporal profile of the NO3 radical levels from
28 July to 17 August 2001 is shown in Fig. 3 together with
the calculated detection limit (3 times the noise). A large
daily as well as hourly variability of NO3 has been observed,

Atmos. Chem. Phys., 4, 169–182, 2004 www.atmos-chem-phys.org/acp/4/169/
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Table 1. Measurements during MINOS relevant to the present analysis.

Measurement Technique Detection limit – Time resolution needed

NO, NOy Chemiluminescent detector 50 pptv–5 min
NO2 DOAS 250 pptv–15 min
NO3 DOAS 1.5 pptv–30 min
HNO3 Nebulisation/reflux – IC 20 pptv–3 h
O3 UV photometer 1 ppbv–5 min
DMS GC-FPD 1 pptv–60 min
OH Chemical Ionization

Mass Spectrometry 2.4×105 rad/cm3 (2σ )-5 min
(SI/CIMS)

T, R.H., wind speed, Meteorological station 5 min
wind direction,
solar irradiance
J(NO2), J(O1D) 2pi radiometer 5 min

Table 2. Observations of NO3 radicals in the boundary layer.

Site Coordinates NO3 Average (pptv) NO3 Maximum (pptv) Total path (km) Year (summer) Ref.

Continental Boundary Layer

Lindenberg 52◦13′N–14◦07′ E 4.6 85 10 1998 Geyer et al., 2001

Marine Boundary Layer

Tenerife 28◦40′ N–16◦05′ W 8 20 9.6 1994 Carslaw et al., 1997
Kap Arkona (R̈ugen Island) 54◦30′ N–13◦30′ E 6–10 98 7.3 1993/94 Heintz et al., 1996
Wayborne Clean conditions 52◦57′ N–1◦08′ E 6 – 5 1995 Allan et al., 1999

Mace Head 53◦19′ N, 9◦54′ W 5 40 8.4 1996 Allan et al., 2000
Finokalia 35◦30′ N, 25◦7′ E 4.5 37 10.4 2001 This work

ranging from values below the detection limit (1.2 pptv) up
to 37 pptv. The highest values have been observed during
the night of 11 to 12 August 2001. This event will be dis-
cussed below. Table 2 presents NO3 radical measurements
reported for various locations around the world and compares
them with the data obtained during this study. In general, the
NO3 observations at Finokalia station appear to be within the
range of the reported data for the marine boundary layer.

3.2 Diurnal variation of NO3

Daytime NO3 levels were below the detection limit through-
out the campaign (Fig. 4). NO3 increases during sunset and
reaches up to several tens of pptv during night. It decreases
rapidly again during sunrise due to photodissociation. Simi-
lar diurnal tendencies have been reported by several authors
in coastal areas (Heintz et al., 1998; Allan et al., 1999, 2000).

For comparison, Fig. 4 presents the mean diurnal
variation of OH radicals (blue line) during the cam-
paign. A detailed presentation of the OH measure-
ments can be found in Berresheim et al. (2003). OH
levels showed a strong diurnal variability with maxima
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Fig. 4. Mean diurnal profile of the NO3 radical concentration during
the MINOS campaign. For comparison, OH radicals simultaneous
measured are also reported. Note the factor of 10 between the two
scales.

(approximately 2×107 molecules cm−3) occurring around
12:30 local time and nighttime values below the detec-
tion limit. During the entire OH measurement period
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Fig. 5. Hourly mean observations and standard deviation(a) of
NO3in pptv, (b) of NO2 in ppbv and(c) lifetime of NO3 radicals in
min – see text – during the MINOS campaign.

(6–21 August), the daytime mean and standard devia-
tion were 8.2 (±1.6)×106 molecules cm−3, i.e. a fac-
tor of 13 lower than the nighttime NO3 levels (1.1
(±1.1)×108 molecules cm−3). Most of the reactions of NO3
with VOCs have rate constants that are between 5 and
1000 times slower than the corresponding reactions with OH
(Atkinson et al., 2003, IUPAC recommendations). Thus ac-
cording to the NO3 and OH levels observed during this study
the destruction rates of some VOCs are more important dur-
ing the night than during daytime.

A very useful diagnostic tool for analyzing field observa-
tions of NO3 is to calculate the atmospheric lifetime of the

Table 3. Rates constants for the reactions (4, k4) and (-4, k−4), their
ratio k4/k−4 at the minimum and maximum temperatures observed
during MINOS and the corresponding NO2 levels at which the NO3
and the N2O5 levels are equal. The reported lifetimes have been
calculated on the basis of the geometric mean observed NO2 mixing
ratio of 0.4 ppbv.

T min (22.5◦C) T max (30.2◦C)

k4 (molecules−1 cm3 s−1) 1.39×10−12 2.02×10−12

NO2 + NO3→N2O5
k−4 (s−1) 3.67×10−2 1.66×10−1

N2O5→NO2 + NO3
k4/k−4 2.63×1010 8.21×1010

NO2 (ppbv) for NO3/N2O5=1 1.07 3.35
τN2O5 k−4 (s) 27 6
τNO3 k4(s) 92 63

radical. As suggested by Platt et al. (1980), when NO3 chem-
istry is in steady state, its lifetimeτ (NO3) is given by:

τ(NO3)=[NO3]ss/(KNO2+O3[NO2][O3]) (6)

The mean values (with one standard deviation) of NO3 and
NO2 observed during the campaign and used to calculate the
lifetime τ (NO3) are depicted in Figs. 5a and b. The calcu-
latedτ (NO3) during the MINOS campaign is found to range
between 1 and 6 min; Fig. 5c. This very short lifetime of
NO3 actually supports the steady state assumption and is re-
produced by the modelling study presented in Sect. 3.5. The
steady state assumption does not exclude that NO3 or N2O5
are transported to/from the sampling site from/to areas with
different air temperatures. Under the experimental condi-
tions NO3 and N2O5 interconvert very fast to reach equilib-
rium with levels that depend on temperature and the NO2
concentrations. For the high temperatures occurring during
the MINOS experiment and for the geometric mean NO2 lev-
els observed during the MINOS campaign, the turnover times
of NO3 and N2O5 for the Reactions (4) range from 1–1.5 min
and from 6–27 s respectively (Table 3). With such short
turnover times, equilibrium is reached in less than 2 min.

The calculatedτ (NO3) is in good agreement with the av-
erage of 4.2 min reported by Heintz et al. (1996) from long-
term observations of NO3 at the island of R̈ugen in the Baltic
Sea. The balance between the production and loss of NO3
can also be investigated by correlating NO3 levels with the
production rate P(NO3). No significant correlation was ob-
served during the MINOS campaign indicating that the N2O5
sink is regulating the NO3 levels (Martinez et al., 2000;
Heintz et al., 1996). In addition, a good negative correla-
tion has been observed between the calculatedτ (NO3) and
the NO2 (τ (NO3)=−0.94 [NO2]+4.42, r2=0.82) as in Heintz
et al. (1996) indicating that NO3 is mainly removed via trans-
formation to N2O5 and subsequent loss of N2O5 by reactions
with water vapour and heterogeneous reactions. This conclu-
sion is also supported by the model simulations presented in

Atmos. Chem. Phys., 4, 169–182, 2004 www.atmos-chem-phys.org/acp/4/169/
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Fig. 6. (a) correlation between NO3 (in pptv) and air temperature (◦C) with NO3 values integrated every 10 units of temperature;(b)
correlation between NO3 lifetime and air temperature (◦C) with values integrated every 10 units of temperature(c) Time series of NO3 and
Relative Humidity (RH in %) during the campaign,(d) correlation between NO3 and RH with NO3 values integrated every 10 units of RH
and(e)correlation between NO3 lifetime and RH.

Sect. 3.5 and by the effect of temperature and relative hu-
midity (RH) on NO3 levels that are discussed in detail in the
following paragraphs.

3.3 Meteorological parameters and their impact on NO3

Temperature, relative humidity (RH), wind direction and
speed and solar radiation were continuously monitored at Fi-
nokalia during the MINOS campaign. Temperature ranged
between 22.5◦C and 31.5◦C (mean=25.7◦C), whereas RH

varied from 20 to 90% (mean=62%). The temperature
changes observed during MINOS (9◦C between the maxi-
mum and minimum temperature) are expected to affect NO3
variability. Indeed, the rates of the NO3 conversion to N2O5
(Reaction 4) and of the thermal decomposition of N2O5 (Re-
action 4) as well as the equilibrium rate (k4/k−4) strongly de-
pend on temperature as shown in Table 3. On the other hand,
for the range of temperatures in Table 3 the production rate of
NO3 from the O3 reaction with NO2 presents 2.5–3.5 times
smaller temperature dependence (the rate of Reaction (1) is
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Table 4. Gas phase reactions involved in the NO3 radical budget. T is air temperature in Kelvin, AIR is air density in molecules cm−3 and
[O2] is O2 concentration in molecules cm−3. The reaction rate of the OH-initiated DMS oxidation is also given for comparison purposes.

Reaction Rate Rate at 298 K

NO3 production
NO2+O3→NO3+O2 1.4×10−13exp(−2470/T) 3.55×10−17

NO3 production from HNO3 loss
HNO3+OH→NO3+H2O R1=2.4×10−14exp(460/T) 1.54×10−13

R2=2.7×10−17exp(2199/T)
R3=6.5×10−34exp(1335/T) AIR
R=R1+R3/(1+R3/R2)

NO3 production from N2O5 loss
N2O5+M→NO2+NO3 R1=10−3 (T/300)−3.5exp(−11000/T) AIR 5.02×10−2

R2=9.7×1014 (T/300)0.1exp(−11080/T)
Fc=0.35

N2O5 (hν)→NO2+NO3
NO3 loss

NO3+NO2→N2O5
b R1=3.6×10−30(T/300)−4.1 AIR 1.41×10−12

R2=1.9×10−12(T/300)0.2

Fc=0.35
NO3+NO→2NO2 1.8×10−11exp(110/T) 2.6×10−11

NO3+NO3→NO2+NO2+O2 8.5×10−13exp(−2450/T) 2.3×10−16

NO3 (hν)→NO2+O
NO3 (hν)→NO+O2
NO3+O→NO2+O2 1.7×10−11 1.7×10−11

NO3→NO+O2 1.4×10−4 1.4×10−14

Reactions of NO3 with RO2 radicals
NO3+HO2→O2+OH+O2 4.×10−12 4.0×10−12

NO3+RO2
a
→NO2+HO2+product 2.3×10−12 2.3×10−12

Reactions of NO3 with unsaturated VOC
NO3+C2H4→NO3 addition product 3.3×10−12exp(−2880/T) 2.12×10−16

NO3+C3H6→NO3 addition product 4.6×10−13exp(−1155/T) 9.58×10−15

NO3+isoprene→addition product 3.03×10−12exp(−446/T) 6.79×10−13

NO3+MVK→addition product 4.7×10−16 4.7×10−16

HNO3 production from NO3 loss
Reactions of NO3 with aldehydes

NO3+HCHO→HNO3+CO+HO2 5.8×10−16 5.8×10−16

NO3+CH3CHO→HNO3+RO2 1.4×10−12exp(−1900/T) 2.4×10−15

NO3+MACR→HNO3+product 3.7×10−15 3.7×10−15

Reactions of NO3 with DMS
NO3+DMS→HNO3+radical 1.9×10−13exp(500/T) 1.02×10−12

DMS reaction with OH radical (given here for comparison purposes)
OH+DMS→addition products 1.7×10−42exp(7810/T) [O2])/(1+5.5 10−31exp(7460/T) [O2]) 1.8×10−12

OH+DMS→abstraction products 1.13×10−11exp(−253/T) 4.8×10−12

N2O5 loss to HNO3
N2O5+H2O→2HNO3 2.5×10−22 2.5×10−22

N2O5+H2O+H2O→2HNO3+H2O 1.8×10−39 1.8×10−39

Other HNO3 production
NO2+OH→HNO3

b R1=2.6×10−30(T/300)−2.9 AIR
R2=4.1×10−11 1.05×10−11

Fc=0.4

Other HNO3 losses
HNO3 (hν)→NO2+OH

a : R=CH3, C2 to C5; 18 different RO2 radicalsb: K=R1/(1+R1/R2) FA
c where A=(1/(1+log(R1/R2)2)
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given in Table 4). On the basis of the k4 and k−4 rates we
can calculate the NO2 levels at which the N2O5 concentra-
tions equal those of NO3. The calculated values (Table 3)
are significantly higher than the geometric mean value of
0.4 ppbv of NO2 observed during MINOS. Interestingly as
shown in Table 3, during the entire period of the MINOS ex-
periment, the typical time for the NO3 conversion to N2O5 is
3 to 9 times slower than the thermal decomposition of N2O5
to NO3. Thus, at high temperatures as those observed at Fi-
nokalia during the MINOS campaign, NO3 is longer lived
than N2O5 and consequently N2O5 is less effective as reser-
voir species for NO3 contrary to what is expected at higher
NO2 levels and/or lower temperatures. Indeed, for the mea-
sured ranges of NO2 and temperature, the equilibrium ratio
N2O5/NO3 ranges between 0.02 and below unity with an av-
erage value of 0.34(±0.26). Only on the 13 August, this pat-
tern is inversed with a N2O5/NO3 ratio of 1.52 i.e. exceeding
unity. During this particular day the site was influenced both
by biomass burning as shown on the black carbon levels (Sal-
isbury et al., 2003) and by subsidence of air masses with low
RH. In Fig. 6a we depicted the correlation between NO3 con-
centrations integrated over 1◦C increments of temperature.
Similar dependency is obtained between the lifetime of NO3
and the temperature (Fig. 6b) indicating N2O5 loss domi-
nance as observed and discussed by Geyer and Platt (2002).

In addition to temperature, RH varied by almost a factor of
4.5. Figure 6c presents both the variation of NO3 radical and
that of RH. It is interesting to note that the maximum NO3
mixing ratio of 37 pptv has been observed on 11–12 August
2001 due to thermal dissociation of N2O5 and low hetero-
geneous removal when the RH was the lowest and the tem-
perature was the highest observed during the experiment. To
illustrate the influence of the relative humidity on NO3 levels,
the correlation between NO3 and RH is presented in Fig. 6d,
with NO3 values integrated every 10 units of RH. A highly
significant linear relationship is then observed with NO3 de-
creasing by almost a factor of 3 when RH increases from 20–
30% to 80–90% indicating the importance of both gas phase
reactions of N2O5 with H2O and reactions of N2O5 on par-
ticles since the hygroscopic growth of aerosols increases the
surface available for heterogeneous reactions. This is also
supported by the very good negative correlation between the
lifetime of NO3 and relative humidity shown in Fig. 6e. The
lifetime of N2O5 with respect to the gas phase reactions with
water into HNO3 is reduced by a factor of 2 (from 46 to
23 min) when relative humidity increases from 35 to 85%,
which could partly explain the observed negative correla-
tion of NO3 with relative humidity. However, a much faster
removal of N2O5, probably by heterogeneous reactions, is
needed to explain the calculated NO3 lifetime of 1–6 min
shown in Fig. 5c.
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Fig. 7. Diurnal profile of NO3 radical (in pptv) and normalized
DMS concentrations (DMS concentrations divided by the corre-
sponding diurnal mean DMS) averaged during the campaign.

3.4 Impact of DMS and others VOC on NO3 oxidation

DMS is the dominant sulfur gas naturally emitted into the
atmosphere. It is formed by biological processes in the sea
water from dimethylsulfonioprionate (DMSP). The potential
role of DMS in the CCN production but also in the acidity of
rainwater in remote marine areas has been intensively studied
since the publication of the CLAW hypothesis involving the
influence of DMS oxidation products on climate (Charlson
et al., 1987).

Platt and Le Bras (1997) suggested a potentially impor-
tant role of DMS in the NOx-NOy partitioning in the ma-
rine background atmosphere. Cantrell et al. (1997) pointed
out the contribution of NO3 initiated oxidation of DMS to
nighttime RO2 formation. Allan et al. (1999, 2000) found
that DMS levels can significantly affect the NO3 lifetime.
Especially under condition of elevated DMS (>100 pptv), a
major fraction of NO3 (up to 90%) is removed by reaction
with DMS. During MINOS 2001, measurements of DMS
were conducted in parallel with the NO3 radical observa-
tions. As explained in Sect. 2.1, the NO3 levels measured by
the DOAS instrument correspond to a mean value within the
first 150 m a.s.l whereas the DMS measurements have been
performed at the sampling site 150 m a.s.l. However, dur-
ing most of the campaign, the wind speed was higher than
5 m s−1 resulting in a well mixed MBL with height reach-
ing 1000–1500 m (based on the radiosoundings performed
every night at 3:00 LT at the Heraklion airport). Thus with
only two exceptions (on the 13 and the 21 August) DMS is
expected to be well mixed as has been observed at other ma-
rine sites (Davis et al., 1999). It is therefore reasonable to
co-investigate the observed NO3 and DMS variations. Fig-
ure 7 depicts the mean diurnal variation of NO3 and of nor-
malised DMS during MINOS campaign. The normalised
DMS values were derived from the DMS concentrations di-
vided by the corresponding diurnal mean DMS. The use of
the normalised DMS values allows representing the diurnal
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Table 5. Heterogeneous reactions taken into account in the model
and the corresponding reactive accommodation coefficient (γ ; T:
temperature in K).Khet=γ (RT/2πM)0.5 A, whereM is the molec-
ular mass of the compound,A the aerosol surface area andR the gas
constant.γ values are taken from Atkinson et al. (2003) (IUPAC
recommendations web version 2003).
∗close to the upper limit for the reaction.

Reaction γ

KhetNO3 NO3(g)→NO3(part) 0.006
Khet2NO3 NO3(g)→HNO3(g) 2.×10−4

KhetN2O5 N2O5(g)→NO3(part) 0.1∗

KhetHNO3 HNO3(g)→NO3(part) 0.0014
KhetHO2 HO2(g)→loss 5.66×10−5exp(1560/T)

variation of the compound eliminating its day-to-day vari-
ability. Within about 3 h during and after sunset DMS de-
creases by a factor of about 6 when NO3 radicals build up.
This DMS decrease is due to both DMS oxidation by NO3
leading to HNO3 and dilution by continental air resulting to
about 30% lower DMS fluxes during night (Bardouki et al.,
2003a). Such a diurnal variation was observed during the en-
tire campaign, and more details are reported in a companion
paper (Bardouki et al., 2003). On the basis of the observed
average NO3, OH and DMS levels, DMS nighttime oxidation
by NO3 is about 75% the daytime loss by reaction with OH
radicals. This is determined in further detail in Kanakidou et
al. (2004, paper in preparation).

By considering the observed mean DMS concentration of
30 pptv during the campaign a lifetime of about 103 s is es-
timated for NO3 radicals, which is significantly longer by
almost a factor of 5–10 than that calculated during the cam-
paign and depicted in Fig. 5c. NO3 radicals can also be re-
moved by a variety of VOCs especially by isoprene and ter-
penes. During the campaign isoprene levels were very low
(about 7 pptv; Gros et al., 2003). No terpenes were mea-
sured during the campaign but their levels are expected to
be very low since the surrounding vegetation is sparse and
consists mainly of some dry herbs and low bushes. These
results indicate that in Finokalia gas-phase reactions of DMS
and most probably other VOCs with NO3 radicals play a rel-
atively minor role in the NO3 budget and that most NO3 is
removed from the atmosphere via reactions of N2O5 with
water vapour and/or NO3 and N2O5 on aerosol surfaces.

3.5 Impact of NO3 on HNO3 formation

To investigate the NO3 budget and to evaluate the NO3 in-
volvement in HNO3 formation, box model simulations have
been performed.

3.5.1 The model

The chemical scheme used for this purpose is based on
Poisson et al. (2001) as updated by Tsigaridis and Kanaki-
dou (2002) for the inorganic and hydrocarbon chemistry (up
to C5) including NO3 radical reactions with peroxy radicals.
Reaction rates have been updated according to Atkinson et
al. (2003) (IUPAC-web version 2003) recommendations. Ta-
ble 4 presents the gas phase reactions of NO3 considered in
the model. The N2O5 gas phase reactions with H2O (1 and
2 order with respect to H2O, Reaction 5a and b) are also
considered as well as the heterogeneous reactions of NO3,
N2O5 and HNO3 listed in Table 5. The sensitivity of the
NO3 calculated levels to the rates of the Reactions (5a) and
(5b) has been studied on the basis of the IUPAC (Atkinson
et al., 2003) and of the upper and lower limit JPL (Sander et
al. 2003) recommendations. It has been found that the re-
ported uncertainty in these rates can lead to up to a 0.5 pptv
of uncertainty in the NO3 calculated levels. Larger uncer-
tainty is expected to be linked with the temperature depen-
dence of these rates (up to 1.2 pptv) that is unfortunately
not sufficiently documented (Dimitroulopoulou and Marsh,
1997). Deposition of HNO3, NO3, N2O5 and NO−

3 (partic-
ulate) onto surfaces has been considered with deposition ve-
locities of 1 cm s−1 for the gases and 3 times higher for the
particles since most NO−3(part) is on coarse sea-salt particles
(Bardouki et al., 2003b).

Observed hourly mean values of O3, photolysis rates of
NO2 (JNO2) and O3 (JO1D) and CO are used as input to
the model that was also forced every 5-min by the geometric
hourly mean values of NO2 measured by the DOAS instru-
ment. Missing NO2 data have been substituted by extrapo-
lating the observations on the basis of the diurnal mean nor-
malized profile of NO2 measured during the campaign. Iso-
prene, ethene, propene, formaldehyde, acetaldehyde, ethane,
propane and butane mixing ratios are kept equal to 7, 100,
50, 1000, 100, 1000, 260 and 120 pptv respectively, accord-
ing to observations during the MINOS campaign (Gros et
al., 2003) and in the West Mediterranean (Plass-Dümler et
al., 1992). Aerosol surfaces observed during the campaign
(Bardouki et al., 2003a) are used to calculate the heteroge-
neous removal rates for the reactions listed in Table 5. Di-
urnal mean DMS observations were used to account for the
DMS emitted by the ocean and its impact on NO3 chemistry
in the marine boundary layer. DMS oxidation both by OH
radical and by NO3 radical is taken into account (see reac-
tion rates in Table 4). Initial concentrations of hydrogen per-
oxide (495 pptv), methane (1.8 ppmv) and particulate nitrate
(25 nmol m−3) are applied.

3.5.2 Model results

Note that since hourly mean data are used as input to the
model for most species, our simulations are not expected to
provide reliable higher time resolution variability. The model
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Fig. 8. Correlation between the modelled and measured OH con-
centrations during the campaign.

satisfactorily simulates the daytime variation and the abso-
lute concentrations of OH radicals as shown in Fig. 8, al-
though overall it underestimates the observations of OH rad-
ical by about 8%. Details of OH radical measurements are
reported by Berresheim et al. (2003).

NO3 model versus observations.NO3 radical concentra-
tions simulated by the model for the whole period are shown
in Fig. 9 together with the observed NO3 values (hourly
mean). When neglecting the NO3 values observed during the
nights of 11 to 12 and 12 to 13 of August 2001 that are excep-
tionally high for the measuring period the model results seem
to capture the order of magnitude of the observations within
the range of their variability. Note that during these days
biomass burning activities have affected the site as indicated
by the CO observed levels and relevant compounds (Salis-
bury et al., 2003). In addition, the very low RH observed on
the 8 and the 13 August and linked to low aerosol surfaces
(Bardouki et al., 2003a) indicates subsidence of air masses
from higher altitudes. This transport mechanism can not
be reproduced by the box model. Although, the mean NO3
concentration of 4.5 pptv (all data) observed during night is
in quite good agreement with the 4.7 pptv simulated by the
model for the same period, there is no statistically significant
correlation between the hourly averaged observed concentra-
tions and the hourly calculated NO3

Losses of NO3. According to our calculations photoly-
sis of NO3 is by far the major loss mechanism during day-
time since it accounts for more than half the total removal of
NO3 and N2O5. The loss of NO3 by the reaction with NO is
half that due to photolysis. During night the relative impor-
tance of the various paths of NO3 and N2O5 loss is changing
but generally N2O5 heterogeneous and gas phase losses (to
molecules other than NO3) are almost a factor of 2 higher
than the reaction of NO3 with DMS. This relatively small
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Fig. 9. Comparison between the modelled (orange line) and mea-
sured NO3 (closed circles) hourly mean levels (in ppbv) during the
campaign.

contribution of DMS to NO3 loss (less than 25%) compared
to earlier published estimates by Carslaw et al. (1997) reflects
the different conditions encountered during the studies with
regard to the DMS levels (the lowest have been observed dur-
ing MINOS) and the different durations of nighttime, when
this reaction is important (shortest during our study). Un-
der the studied conditions the reactions of other VOCs with
NO3 seem to be of minor importance in controlling the NO3
budget.

HNO3 and NO−

3 (particulate) model versus observa-
tions. The contribution of NO3 nighttime reactions with
VOC (including DMS), leading to HNO3 formation has also
been investigated on the basis of the model results. The
model simulates within 10% the observed levels of the sum
of the gaseous HNO3 and the particulate NO−3 (NO3(part)).
The best agreement is achieved for the period 28 July to 1
August 2001 (Fig. 10a). Thus, to investigate the NO3 in-
volvement in the HNO3 production, we focus on this first pe-
riod of the campaign when the model appears to realistically
simulate HNO3 levels.

According to our calculations HNO3 is predominantly
formed during daytime by reaction of NO2 with OH at a rate
of 1.12 ppbv/d. DMS oxidation by NO3 radicals is an im-
portant source of HNO3 during night, producing 0.11 ppbv/d
of HNO3 whereas 0.10 ppbv/d of HNO3 is formed from
the gas phase reactions of N2O5 with water vapour. The
NO3 heterogeneous reaction appears to be minor since it
does not produce more than 1 pptv/d of HNO3. The over-
all HNO3 production is calculated to be 1.3 ppbv/d. NO3
and N2O5 gas phase reactions constitute the nighttime chem-
ical source for HNO3 and contribute therefore approximately
16% to the HNO3 production (Fig. 10b). Under the stud-
ied conditions, the reactions of NO3 with aldehydes are mi-
nor for HNO3 production since only 3 and 1 pptv/d are pro-
duced during the NO3 initiated oxidation of formaldehyde
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and higher aldehydes respectively. Figure 10c depicts the
mean diurnal variation of the HNO3 production rates, which
reveals the importance of the NO3 and N2O5 reaction for
HNO3 formation during nighttime.

The calculated HNO3 daytime production rate of
1.12 ppbv/d during the MINOS campaign is more than dou-
ble that suggested by Carslaw et al. (1997) for lower pho-
tochemical activity conditions (less OH radicals than during
MINOS). However, the DMS contribution to HNO3 forma-
tion via H-abstraction by NO3 radicals is lower than the es-
timate by Carslaw et al. (1997). This difference is due to
high DMS concentrations that resulted from a phytoplankton
bloom in the area studied by these authors. Thus our results,
although different from those in that earlier study, are fully
consistent when taking into account the different conditions
of the studied environments.

The heterogeneous reaction of N2O5 (γ =0.1) on parti-
cles does not produce more than 0.09 ppbv/d of particu-
late NO−

3 (NO−

3(part)). Therefore, by considering the over-

all HNO3(g)+NO−

3(part) production, N2O5 and NO3 reactions
contribute up to 21%, whereas the remaining is attributed to
the NO2 reaction with OH during daytime.

With regard to HNO3 loss from the atmosphere, reaction
with OH and photolysis are calculated to play only a mi-
nor role in the total loss of HNO3 (2% and 1% respectively)
whereas its main removal mechanism (97%) is conversion to
particulate NO−3 and subsequent deposition.

4 Conclusions

During the MINOS campaign from 27 July to 17 August
2001, a complete set of NO3 data was obtained by a DOAS
instrument with NO3 levels that vary from the detection limit
up to 37 pptv. The 24-hour mean NO3 levels were a factor of
12 higher than these of the OH radical. Thus for some com-
pounds such as DMS, the nighttime destruction by NO3 is
much more important than by OH during daylight. The role
of NO3 for the overall oxidation efficiency of the Mediter-
ranean atmosphere on a yearly basis is a topic for further re-
search since preliminary measurements show a much smaller
seasonal variation for NO3 compared to OH radicals.

The calculated lifetime of NO3 during the MINOS cam-
paign range between 1 and 6 min, supporting the assumption
of steady state conditions between production and destruc-
tion of NO3. Gas-phase reactions of DMS and other VOCs
with NO3 radicals appear to play a minor role in the NO3
budget, since the major fraction of NO3 is removed from the
atmosphere via N2O5 reactions.

NO3 radical as well as its lifetime was found to be strongly
anti-correlated with the relative humidity (RH). High values
of RH are associated with efficient loss of NO3, reducing it
to levels down to the detection limit. This indicates that both
gas phase reactions of N2O5 with H2O and reactions of NO3
and N2O5 on particles are important since the hygroscopic
growth of aerosols increases the surface available for hetero-
geneous reactions.

N2O5 and NO3 reactions contribute up to 21% to the to-
tal formation rate of HNO3(g)+NO−

3(part), while the remaining
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and thus major part is attributed to the NO2 reaction with OH
during daytime. The contribution of N2O5 and NO3 reac-
tions to the overall HNO3(g)+NO−

3(part) production on a sea-
sonal basis deserves further study.
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