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Abstract. During the DOMINO (Diel OxidantMechanism
In relation toNitrogenOxides) campaign in southwest Spain
we measured simultaneously all quantities necessary to cal-
culate a photostationary state for HONO in the gas phase.
These quantities comprise the concentrations of OH, NO, and
HONO and the photolysis frequency of NO2, j (NO2) as a
proxy for j (HONO). This allowed us to calculate values of
the unknown HONO daytime source. This unknown HONO
source, normalized by NO2 mixing ratios and expressed as
a conversion frequency (% h−1), showed a clear dependence
onj (NO2) with values up to 43 % h−1 at noon. We compared
our unknown HONO source with values calculated from the
measured field data for two recently proposed processes, the
light-induced NO2 conversion on soot surfaces and the reac-
tion of electronically excited NO2* with water vapour, with
the result that these two reactions normally contributed less
than 10 % (<1 % NO2 + soot +hν; and<10 % NO2* + H2O)
to our unknown HONO daytime source. OH production from
HONO photolysis was found to be larger (by 20 %) than the
“classical” OH formation from ozone photolysis (O(1D)) in-
tegrated over the day.

Correspondence to:M. Sörgel
(matthias.soergel@uni-bayreuth.de)

1 Introduction

Nitrous acid (HONO) is an important OH radical precursor
which serves as the “detergent” of the atmosphere due to
its oxidizing power. Besides its importance for the atmo-
spheric oxidation potential, HONO is part of acid and nu-
trient deposition to the biosphere. Moreover, growing con-
cern exists about possible health effects due to the forma-
tion of nitrosamines (Hanst et al., 1977; Pitts et al., 1978)
where HONO acts as the nitrosating agent, especially in in-
door environments after wall reactions of HONO with nico-
tine (Sleiman et al., 2010). Despite three decades of research
since the first unequivocal detection of HONO in the atmo-
sphere (Perner and Platt, 1979), HONO formation processes
in the atmosphere are still under discussion, especially during
daytime where large discrepancies were found between mix-
ing ratios calculated from known gas phase chemistry and
measured daytime mixing ratios (Kleffmann et al., 2005). In
the absence of light, the most favoured formation reaction
is the heterogeneous disproportionation of nitrogen dioxide
(NO2):

2NO2+H2O→ HONO+HNO3 (R1)

This reaction has been extensively studied on different ma-
terials like fluorinated polymers and different types of glass
as reviewed by Lammel and Cape (1996), but also on build-
ing materials like concrete (Trick, 2004). It was found to
be first order in NO2 and water vapour (Sakamaki et al.,
1983; Svennson et al., 1987; Pitts et al., 1984; Jenkin et al.,
1988). A mechanism involving the formation of the NO2
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dimer (N2O4) in the gas phase was proposed (Finlayson-Pitts
et al., 2003), but is not important in the real atmosphere (Kl-
effmann et al., 1998; Gustafsson et al., 2008). Recently, evi-
dence for a mechanism involving reaction between adsorbed
NO2 and H (NO2 (ads) + H(ads)→ HONO (ads)) present on
the surface following the dissociation of chemisorbed H2O
was found in a study on mineral dust particles with isotopi-
cally labelled water (Gustafsson et al., 2008), but the re-
sults are probably not transferable from laboratory to field
conditions (Finlayson-Pitts, 2009). The disproportionation
Reaction (R1) was found to be catalysed by anions at the
surface of droplets (Yabushita et al., 2009; Kinugawa et al.,
2011). In the absence of light, HONO formation from NO2
on soot deactivates quite rapidly and thus was concluded to
be less important for atmospheric HONO formation except
for freshly emitted soot (Kleffmann et al., 1999; Arens et
al., 2001; Aubin and Abbatt, 2007). The mechanism was
summarized as the Reaction (R2) of reducing organic com-
pounds{C-H}redwith NO2 (Gutzwiller et al., 2002a). A reac-
tion similar to Reaction (R2) was postulated for the aqueous
phase (Gutzwiller et al., 2002b; Ammann et al., 2005), but
only proceeds at a relevant rate at high pH levels, since it is
based on the well-known charge transfer reaction of pheno-
late with NO2.

NO2+{C−H}red→ HONO+{C}ox (R2)

NO+NO2+H2O→ 2HONO (R3)

HNO3(ads)+NO(g) → HONO+NO2 (R4)

The Reactions (R3) (via the intermediate N2O3) and (R4)
proposed from field measurements (Calvert et al., 1994;
Andres-Hernandez et al., 1996; Saliba et al., 2001) could
neither explain laboratory results under low NOx conditions
(Svensson et al., 1987; Jenkin et al., 1988; Kleffmann et al.,
1998, 2004) nor field experiments with low NO mixing ratios
(Harrison and Kitto, 1994; Alicke et al., 2003; this study).

During daytime the dominant sink for HONO is photolysis
according to Reaction (R5), which forms OH.

HONO+hν → NO+OH (R5)

An additional sink is the reaction of HONO with OH (R6).

HONO+OH→ NO2+H2O (R6)

The back reaction (R7) regenerates HONO.

NO+OH+M → HONO+M (R7)

At high insolation, Reactions (R5–R7) are supposed to be
in a photostationary state (PSS) (Cox, 1974; Kleffmann et
al., 2005). Only few studies (Kleffmann et al., 2005; Acker
et al., 2006) measured all quantities necessary to calculate
the photostationary state (no net OH formation), some with
j (HONO) calculated from UV measurements (Ren et al.,

2003, 2006). In all these studies measured HONO values ex-
ceeded the HONO values calculated from PSS. The “dark”
heterogeneous formation (via Reactions (R1)/(R2)) was too
slow (20–60 times) to explain this discrepancy (Kleffmann
et al., 2003, 2005). This stimulated laboratory studies about
a light-induced conversion of NO2 to HONO or other pho-
tolytic sources of HONO as recently summarized by Kleff-
mann (2007). There are a variety of proposed sources dealing
with light-induced NO2 reduction including NO2 reduction
on irradiated mineral surfaces like TiO2 (Gustafsson et al.,
2006; Ndour et al., 2008). Many studies focussed on the re-
duction of NO2 involving organic photosensitizers (George
et al., 2005) like hydrocarbons on soot (Monge et al., 2010)
or humic acids (Stemmler et al., 2006, 2007).

As already proposed from smog chamber experiments
(Killus and Whitten, 1990), photolysis of deposited
HNO3/nitrate on surfaces was suggested as a daytime HONO
source for rural forested environments by Zhou et al. (2002a,
b, 2003) and Raivonnen et al. (2006). This mechanism is still
controversial since the photolysis of HNO3 was not found
to be a photolytic source of HONO in chamber experiments
(Rohrer et al., 2005), and quantum yields for HNO3/nitrate
photolysis are too low in the gas phase and in solution (Kl-
effmann, 2007). The photolysis of HNO3 might be enhanced
at surfaces (Finlayson-Pitts, 2009) or via organic photosen-
sitizers as speculated by Kleffmann (2007). Recent studies
showed the enhanced light absorption of surface adsorbed
HNO3 compared to the gas phase (Zhu et al., 2008, 2010),
and thus higher photolysis rates of adsorbed HNO3. These
laboratory studies identified NO2* as the main photolysis
product. Zhou et al. (2011), who found that their HONO
daytime source is correlated to the product of surface nitrate
loading and the photolysis frequency of HNO3, concluded
that HONO formation by HNO3 photolysis at the surface oc-
curs via the mechanism proposed by Stemmler et al. (2006).

A direct HONO source is the photolysis of nitrophenols
(Bejan et al., 2006) depending on pollution levels which gov-
ern the formation of nitrophenols.

The contribution of the reaction of electronically excited
NO2* with water vapour (R8) to the oxidation capacity of
the troposphere was investigated in recent modelling stud-
ies (Wennberg and Dabdub, 2008; Sarwar et al., 2009; Ens-
berg et al., 2010). These studies focussed on ozone forma-
tion and concluded that there is an impact on oxidant for-
mation for high NOx emissions when using the rate con-
stant of Li et al. (2008) for reactive quenching of NO2*.
Even with low NOx emissions the influence is still no-
ticeable, whereas using the rate constant of Crowley and
Carl (1997) the impact is negligible. The portion of the re-
active quenching of NO2* by H2O (and thus the rate con-
stant of Reaction (R8),k8) is still under discussion (Carr
et al., 2009; Li et al., 2009; Fang et al., 2010; Blitz,
2010). In their laboratory study, Crowley and Carl (1997)
did not observe any OH production via Reaction (R8) and
thus derived an upper limit for the reactive quenching of
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NO∗

2 by H2O of k8 = 1.2× 10−14 cm3 molecules−1 s−1. A
recent study by Carr et al. (2009) confirmed these find-
ings. In contrast to these studies which used unfocused laser
beams, Li et al. (2008) observed OH production and re-
port a one order of magnitude higher value fork8 = 1.7×

10−13 cm3 molecules−1 s−1.

NO2∗+H2O→ HONO+OH (R8)

In this study we quantify the gas phase photostationary state
for HONO from measured values in Spain, calculate the val-
ues of the unknown HONO daytime source, and compare
the latter with HONO formation from Reaction (R8) and the
light-induced NO2 conversion on soot (Monge et al., 2010).

2 Experimental

The Diel Oxidant Mechanism In relation to Nitrogen
Oxides (DOMINO) campaign took place at the “Atmo-
spheric Sounding Station – El Arenosillo”, a platform of
the Atmospheric Research and Instrumentation Branch of the
Spanish National Institute for Aerospace Technology (INTA)
dedicated to atmospheric measurements in the southwest of
Spain (37◦05′48.03′′ N, 6◦44′07.47′′ W). The measurement
site was about 300 m inland from the coast of the Atlantic
Ocean in a large area of uniform pine (Pinus pineaL.) forest
with sandy soil. Only sparse buildings and streets were lo-
cated around the site. The average canopy height was about 6
m. The leaf area index (LAI) for this forested area is about 1–
1.5 (Gonçalves et al., 2010). About 15 km to the northwest is
the industrial area of Huelva, with refineries and other heavy
industry. The metropolitan area of Seville is about 70 km
to the east-north-east. The campaign took place from mid
November to mid December 2008.

Measurements of HONO were conducted at a height of
10 m above ground (∼4 m above canopy) on a scaffold and
at 1 m above ground, by commercial LOPAP instruments
(LOng Path AbsorptionPhotometer, QUMA Elektronik &
Analytik, Wuppertal, Germany). The LOPAP is based on a
wet chemical technique, with fast sampling of HONO as ni-
trite in a stripping coil and subsequent detection as an azo dye
using long path absorption in 2.4 m long Teflon AF tubing.
A detailed description of the instrument has been given by
Heland et al. (2001) and Kleffmann et al. (2002). The instru-
ments were placed outside directly on the scaffolds in ven-
tilated aluminium boxes without temperature control. The
temperature of the stripping coils was kept constant at 20◦C
by thermostats to assure constant sampling conditions. The
overall relative error of the LOPAP instruments was found
to be 12 % in a recent side by side intercomparison in the
field (Sörgel et al., 2011). Detection limits during DOMINO,
calculated as 3σ of the noise during zero air measurements,
were between 1 and 2.5 ppt.

The instrument used to measure NOx was a high resolu-
tion and high sensitivity chemiluminescence detector (ECO-
Physics CLD 790 SR, ECO-Physics, Dürnten, Switzerland)
which carries out simultaneous in situ measurements of NO
and NO2. NO is measured directly, however, NO2 is mea-
sured indirectly after conversion to NO using a blue light
converter which is a solid state photolytic converter (Droplet
Measurement Technologies, Boulder, Co, USA). A detailed
description of the instrument, the calibration techniques and
the error calculation has been given by Hosaynali-Beygi et
al. (2011). Air was sampled through a polytetrafluoroethy-
lene (PTFE) inlet line which was mounted on top of a scaf-
fold at the measurement site at a height of 10 m above the
ground. From there an inlet line which consisted of 1/2′′

PTFE tubing was installed to the container. The last meter
of the inlet line consisted of 1/4′′ PTFE tubing. The total un-
certainty for the original 1 s data (at 2σ) based on the calcu-
lations of precision and accuracy is 6.04 ppt + 5 % of reading
for NO and 8.29 ppt + 8 % of reading for NO2 measurements.
The residence time in the tubing was about 3 s. The shift in
the tubing due to the reaction of NO with O3 was thus less
than 5 % for NO and less than 2 % for NO2 during the cam-
paign.

OH was measured by Laser Induced Fluorescence (LIF)
with the “HORUS” (HydrOxyl Radical measurementUnit
based on fluorescenceSpectroscopy) instrument (Martinez
et al., 2010). The detection system was placed next to the
LOPAP on top of the scaffold (10 m). The measurement un-
certainty was±18 %. Measured OH values present an up-
per limit due to interferences which can be up to a factor of
two for some conditions (H. Harder, personal communica-
tion, 2011). The inlets for HONO, NOx and HOx measure-
ments were collocated at 10 m above ground on the scaffold.

NO2 photolysis frequenciesj (NO2) were measured by
filter radiometers (Meteorologie consult, Königstein, Ger-
many) on top of the scaffold, with an uncertainty of±5 %.
The HONO photolysis frequency (j (HONO)) was calculated
by multiplying j (NO2) with a factor of 0.175 (Trebs et al.,
2009). By comparing different parameterizations (Kraus and
Hofzumahaus, 1998; Trebs et al., 2009), the uncertainty for
the calculation ofj (HONO) was estimated to be 5 %. The
overall (4π) photolysis frequency was calculated by increas-
ing values of the downwelling radiation by 5 %, i.e. the por-
tion of the upwelling radiation (albedo of UV radiation) at
this site (Cancillo et al., 2005).

Photolysis frequencies for O(1D) formation (j (O(1D))
were calculated using the TUV model (Version 4.1, e.g.
Madronich et al., 1998) taking the ozone column from the
NASA webpage (http://jwocky.gsfc.nasa.gov/teacher/ozone
overhead.html).We firstly derived a factor for scaling mod-
elledj (NO2) to measuredj (NO2). This factor was then ap-
plied for scaling modelledj (O1D).

Meteorological parameters like temperature, relative hu-
midity (RH), atmospheric pressure, wind speed and wind
direction were measured with a Vaisala WXT510 (Vaisala,
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Fig. 1. Overview of meteorological (RH, wind speed and wind direction) and chemical quantities (O3, NO, NO2, HONO, HONOPSS
(calculated), HONO/NOx and HONO/NO2 ratios andj (HONO)).

Helsinki, Finnland) meteorological station on top of the
MoLa (Mobile Laboratory) inlet system, which was at 10 m
height 10 m southeast of the scaffold. For details see Diesch
et al. (2011).

MoLa measured ozone by UV absorption with the “Air-
pointer” (Recordum, M̈odling, Austria), water vapour mix-
ing ratios by infrared absorption (LICOR 840, Li-COR, Lin-
col, USA) and black carbon with a Multi Angle Absorption
Photometer (MAAP, Model 5012, Thermo Fischer Scientific,
Whatman, USA).

3 Results and discussion

3.1 Meteorological and chemical conditions

Figure 1 gives an overview of meteorological and chem-
ical measurements during the experiment in Novem-
ber/December 2008. In the beginning of the campaign there
was a fair weather period with moderate (about 3 m s−1)

north-easterly winds (from inland Seville region). On 24
November, the wind direction changed to northwest (along
the coast from Huelva). From the 28 to 30 November, clean
marine air with some plumes arrived at the site from the west.
This was also the only period with rainfall, and HONO values
were often around the detection limit (2 ppt). Ozone mixing
ratios were about 30 ppb and showed a diurnal variation ex-
cept for the clean air period with higher values (40 ppb) and
no diurnal variation. A more detailed analysis of the ozone

behaviour and the different wind sectors has been given by
Diesch et al. (2011).

3.2 Photostationary state (PSS)

3.2.1 Calculating the photostationary state/gas phase

Regarding only the well-established gas phase formation
(R7) and gas phase sink processes (R5 and R6) one can cal-
culate the photostationary state (PSS) mixing ratio of HONO
(Cox, 1974; Kleffmann et al., 2005),

[HONOPSS] =
k7[NO][OH]

k6[OH]+j (HONO)
(1)

[HONOPSS] is the equilibrium concentration, [NO] and [OH]
are the measured NO and OH concentrations, andj (HONO)
is the photolysis frequency of HONO. Rate constants for the
termolecular Reaction (R7) were calculated at atmospheric
pressure from the fall-off curves (high and low pressure limit
rate constants) according to the formulas given by the respec-
tive references (Atkinson et al., 2004; Sander et al., 2006).
Values ofk7 differed by 24 % (constantly over the tempera-
ture and pressure range of our study): from IUPAC (Atkinson
et al., 2004)k7,(298 K) = 9.8× 10−12 cm3 molecules−1 s−1

and from JPL (Sander et al., 2006)k7,(298 K) = 7.4 ×

10−12 cm3 molecules−1 s−1. The calculated JPL value is
consistent with the value (k7,(∼298 K) = (7.4± 1.3)× 10−12

cm3 molecules−1 s−1) measured directly at atmospheric
pressure by Bohn and Zetzsch (1997). We therefore prefer
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Fig. 2. Daytime cycles of(a) measured HONO mixing ratios, HONOmeas(b) calculated HONO mixing according to Eq. (1), HONOPSS
(c) NO2 and(d) NO mixing ratios as well as(e) HONO/NOx ratios with the value of 0.8 % for direct emissions (Kurtenbach et al., 2001)
marked as black line and black carbon concentration(f). The boxes and whiskers represent a one hour time interval (centred in the middle)
of five minute data (22–72 data points) of 7 cloud free days (21 ,22, 23, 25, 26, 27 November and 2 December). The upper ends of the boxes
represent the 75th percentile, the lower bounds the 25th percentile and the line within the boxes the median. The upper whisker marks the
last point within the 90th percentile and the lower whisker that of the 10th percentile. Data points outside the 10th and 90th percentile are
marked individually as dots.

this value and use it for our calculations of the PSS. For
the bimolecular reaction of HONO and OH (R6), a rate
constant ofk6298 K= 6.0× 10−12 cm3 molecules−1 s−1 was
taken from Atkinson et al. (2004).

Uncertainties in the PSS mainly originate from OH mea-
surements with an accuracy of±18 %. This has some influ-
ence on HONO formation via Reaction (R7) but not much in-
fluence on the loss term, since HONO loss via Reaction (R7)
was mostly less than 5 % of the total loss (R5 and R6) during
the whole campaign. As OH measurements may possibly
suffer from interferences, the [HONOPSS] values are rather
an upper limit. As a consequence, the unknown HONO
source discussed in Sect. 3.3 is rather a lower limit. There is

also some uncertainty in thej (HONO) values since the por-
tions of the upwelling part of the radiation measured at the
site were about 0.3–0.5 of the downwelling (direct + diffuse).
These high albedo values were presumably caused by the
white container roofs and the aluminium scaffold below the
sensor. As the minimum HONO lifetime (inverse photolysis
frequency) is about 15 min around noon, our measurements
at the 10 m scaffold do not reflect the local situation but an
integration over a “footprint area” (Schmid, 2002; Vesala et
al., 2008). Therefore, we chose an albedo value for UV radi-
ation of the surrounding pine forest of 0.05 (Cancillo et al.,
2005) which is more representative.
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Figure 2 summarizes the diurnal courses of HONO and
NOx for 7 cloud free days. On the 27th around noon, fair
weather clouds were passing. These data points were re-
jected for further analysis to exclude effects from fluctuations
in j (HONO). On 2 December, data was taken from a second
LOPAP at 1 m height as there were no data available from the
10 m instrument. Both instruments have been demonstrated
to agree within 12 % under dry field conditions in side-by-
side measurements (Sörgel et al., 2011). Assuming efficient
vertical mixing during the day, HONO mixing ratios at 1 m
and 10 m height can be expected to be similar (Sörgel et al.,
2011).

The portion of HONO formed by known reactions in the
gas phase ([HONOPSS], Fig. 2b) is not negligible. The me-
dian contribution is 20 % (25 percentile is 13 %) of the mea-
sured HONO mixing ratios. On the other hand, the gas phase
formation can explain only part of the measured HONO, as
75 % of the [HONOPSS] values contribute less than 30 %
to the measured values. HONOmeas, HONOPSS, NO and
NO2 have a similar diurnal cycle with the most pronounced
feature being the maximum values around 09:00 UTC. This
could be explained by local emissions which were trapped
in the stable boundary layer before the breakup of the inver-
sion in the morning. In the afternoon (15:00–16:00), this
peak occurs less pronouncedly in NO and NO2 but very
clearly in the PSS values, as OH values are about twice
(∼3× 106 molecules cm−3) those at 09:00. From Fig. 2b
and d one can infer that [HONOPSS] values are correlated
to NO mixing ratios (r2

= 0.78). Correlations to other input
parameters of the PSS are low ([OH]r2

= 0.006;j (HONO)
r2

= 0.01). Therefore, NO availability seems to be a driv-
ing force for HONO gas phase chemistry. Measured HONO
mixing ratios (Fig. 2a) have a coefficient of determination
r2

= 0.49 with [NO2], and r2
= 0.36 with [NO]. The rela-

tion of the HONO formation rate (which is more appropriate
than HONO mixing ratios) and NO2 is discussed in detail in
Sect. 3.3.

HONO/NOx ratios reach their daytime maximum in the
early afternoon with median values around 4 % (Fig. 2e),
implying efficient NOx conversion. On the other hand, the
maximum can also be attributed to sources independent from
ambient NOx values such as soil emissions (Su et al., 2011),
and HNO3 photolysis at surfaces (Zhou et al., 2011), which
are not affected by the declining NOx values in the early af-
ternoon.

3.2.2 Including the parameterized heterogeneous
HONO formation into PSS calculations

To sum up known HONO formation pathways, the hetero-
geneous formation ((R1)/(R2)) which was measured during
nighttime may be included as an additional source in the
PSS (e.g. Alicke et al., 2002, 2003) with the assumption that
(R1/R2) continue at daytime in the same manner as at night.

This assumption may not be true because even at night
HONO formation (release) is not proceeding at the same
rate all night. Studies about HONO fluxes (Harrison and
Kitto, 1994; Harrison et al., 1996; Stutz et al., 2002, 2004)
explained that measured HONO formation is a net process
(pseudo steady state) of release and deposition (see also dis-
cussion in Vogel et al., 2003). A recent study by Wong
et al. (2011) provides detailed information about HONO
formation and deposition in theNocturnalBoundaryLayer
(NBL) by combining vertical gradient measurements with 1-
D model calculations. According to their results the ground
surface accounts for most (∼70 %) of the HONO formation
by NO2 conversion but also for most of the loss (∼70 %).
This confirms previous results from ground based field mea-
surements (Harrison and Kitto, 1994; Stutz et al., 2002;
Veitel, 2002; Kleffmann et al., 2003; Zhang et al., 2009;
Sörgel et al., 2011), aircraft profiles (Zhang et al., 2009)
and modelling (Vogel et al., 2003) that the ground surface
is a major source of HONO. Hence, turbulent exchange has
a significant impact on near surface HONO mixing ratios
as already proposed by Febo et al. (1996). These authors
found a good correlation of HONO with radon, which is
exclusively emitted from the ground. Furthermore, profiles
from recent aircraft measurements were closely related to at-
mospheric stability with higher HONO values close to the
ground and steeper gradients during stable conditions (Zhang
et al., 2009). Therefore, mixing ratios are also expected to be
controlled by the mixed volume which determines the sur-
face to volume ratio (S/V). The conventional way to account
for changes inS/Vis the scaling of HONO or HONO produc-
tion (PHONO) by NO2 or NOx (e.g. Alicke et al., 2002, 2003).
It is assumed that NOx is also emitted close to the ground,
and therefore is also sensitive toS/V and NO2 is the pre-
cursor of HONO. As local sources/sinks of the compounds
used for scaling (e.g. NOx) may disturb the HONO/NOx
ratio, Su et al. (2008a) proposed a combined scaling using
also black carbon (BC) and carbon monoxide (CO). To our
knowledge, only two recent studies (Yu et al., 2009; Sörgel
et al., 2011) tried to addressS/V (ground and aerosol) di-
rectly by using inversion layer heights from SODAR mea-
surements to estimate mixed volumes. However, at night a
stable boundary layer is formed where only intermittent tur-
bulence provides some mixing (Stull, 1988). Therefore, a
mixed volume cannot easily be defined. Apart from that,
NO2 conversion frequencies measured in different environ-
ments around the world are all within a quite narrow range
from 0.4 to 1.8 % h−1 as summarized by Su et al. (2008a) and
Sörgel et al. (2011). Conversion frequencies (FHONO,night)

of 0.9–2 % h−1 for individual nights and a mean value of
1.5± 0.6 % h−1 were derived in this study using the approach
of Alicke et al. (2002).

In our study, nighttime HONO formation occurs presum-
ably by Reactions (R1) and (R2). Formation through Re-
actions (R3), (R4) and (R7), all involving NO, is not con-
sidered to be important since HONO typically increased
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from sunset (17:30 UTC) to midnight, when NO mixing ra-
tios were mostly (93 %) below the detection limit (LOD) of
6 ppt. Only 87 of 1232 five-minute mean values were above
the LOD with median mixing ratios of 8 ppt, respectively.
Therefore, a linear regression of the HONO/NOx ratio and
HONO/NO2 ratio for all night time data yields a slope of
1.0 and an intercept of 0.02 % (r2

= 0.9986). Thus, both ra-
tios can be regarded as equivalent during nighttime. There
are no clear indications about the contribution of direct emis-
sions. The closest emissions sources were the industrial area
of Huelva (shortest distance∼15 km) and the city of Huelva
(city centre about 20 km). Thus, transport times are in the
range from one to two hours. Applying a conversion fre-
quency for NO2 to HONO of about 1 % h−1, which is within
the range of published values (see above), yields a 1–2 % in-
crease in HONO/NOx during the transport. Thus, HONO
mixing ratios reaching the site are already two to threefold
those originally emitted (HONO/NOx ∼0.8 %, Kurtenbach
et al., 2001). Using the wind sector classification for the
DOMINO site of Diesch et al. (2011) we found indeed lower
HONO/NOx values at night for air masses passing Huelva
than for other air masses from the continent. If this can be
attributed to direct emissions is unclear. The transport occurs
along the coast and therefore also mixing with HONO de-
pleted marine air can cause lower HONO/NOx. HONO/NOx
values for Huelva are indeed within the range of those for
the “clean” marine sector. Therefore, we assume that Reac-
tions (R1)/(R2) is the dominant nightime HONO formation
pathway at the DOMINO site.

Generally, a stable boundary layer is formed at night-
time in which turbulence is suppressed, whereas during day-
time a mixed layer develops which is much more turbulent
(e.g. Stull, 1988). This has two opposing effects on Reac-
tions (R1) and (R2) (especially if the ground surface is the
dominant source).

1. During daytime turbulence is enhanced which means
that NO2 is efficiently transported to the reactive sur-
face.

2. The surface to volume ratio (S/V) is lower during day-
time, as the mixed volume increases (mixed layer), thus
less reactive surface area per volume is available.

If no deposition or advection occurs, HONO/NOx will rise
continuously from sunset to sunrise, as photolysis is absent.
We found decreasing HONO/NOx in the late night until sun-
rise which may point to the dominance of loss processes of
HONO, e.g. deposition. Therefore, it is questionable if Reac-
tions (R1) and (R2), i.e. heterogeneous formation, can sim-
ply be transferred to daytime conditions. As will be shown in
Sect. 3.3 (Figs. 3 and 4), including this dark heterogeneous
source as a daytime source in Eq. (3) to calculate the magni-
tude of the unknown daytime sourcePunknownyields mainly
negative values in the early morning. This points to a missing
sink like deposition (or a smaller source or both). Therefore,

we did not consider this heterogeneous source for the PSS
calculations.

3.3 Missing daytime source

As shown in Sect. 3.2 (Fig. 2) measured HONO values
(HONOmeas) almost always exceed the [HONO]PSSvalues.
Thus, an additional (unknown) HONO daytime source exists.
Equation (2), which is similar to that of Su et al. (2008b),
sums up the processes influencing HONO mixing ratios.

dHONO
dt

= sources−sinks=
= (PNO+OH+Pemis+Phet+Punknown)

−(Lphot+LHONO+OH+Ldep)+Tv +Th

(2)

The source/production (Px) terms consist of the gas phase
formation (PNO+OH, R7), the dark heterogeneous formation
(Phet, via R1/R2) and direct emissions (Pemis). Punknown is
the unknown HONO daytime source. The sink/loss pro-
cesses (Ly) are photolysis (Lphot, R5), reaction of HONO
with OH (LHONO+OH, R6), and dry deposition (Ldep). Note
that the terms for vertical (Tv) and horizontal advection (Th)

can mimic source or sink terms depending on the HONO
mixing ratios of the advected air relative to that of the mea-
surement site (and height). If HONO has a ground source
(or near surface aerosol source),Tv mimics a sink term,
as vertical mixing dilutes HONO formed near the ground
(see also discussion Sect. 3.2.2). The magnitude ofTv
(without the contribution of the rising boundary layer in
the morning) can be estimated by using a parameteriza-
tion for dilution by background air provided by Dillon et
al. (2002), i.e.Tv = k(dilution) ([HONO]-[HONO]background).
Assuming ak(dilution) of 0.23 h−1 (Dillon et al., 2002), a
[HONO]backgroundvalue of about 10 ppt (Zhang et al., 2009)
and taking mean noontime [HONO] values of 35 ppt we can
derive thatTv is about 4 ppt h−1. This value is about the same
magnitude asLdepas already suggested by Su et al. (2008b).

Ldep can be parameterized by multiplying the measured
HONO concentration with the dry deposition velocity and
then scaling by the mixing height, in order to scale the loss
at the ground to its contribution to total HONO loss in the
mixed volume. Taking a deposition velocity of 2 cm s−1

(Harrison et al., 1996; Su et al., 2008b) and a mixing height
of 1000 m,Ldep is in the order of a few ppt h−1 in our study
which is indeed small (<3 % of Lphot 09:00–15:30 UTC for
7 clear daysN = 312) compared toLphot. As is discussed
in more detail later, the relative contribution ofLdep might
be higher in the morning and evening hours, asLphot is
smaller and a stable boundary layer is formed (mixed height
�1000 m, or stable conditions). Overall,Tv andLdep are
small loss terms (compared toLphot). If their contribu-
tions are larger than assumed (especially in the morning and
evening),Punknown is underestimated during these periods.

Pemis cannot easily be determined, because its contribu-
tion varies with the source strength, the HONO lifetime, the
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Fig. 3. Contributions of production (bluish colours) and loss terms
(hourly means 21 November to 5 December) as well as the unknown
daytime HONO sourcePunknownfrom Eq. (3).

horizontal wind speed and wind direction. Again, this con-
tribution is assumed to be highest in the morning and in the
evening (longer lifetimes = longer transport range). As there
were no collocated emission sources, directly emitted HONO
only contributed to the horizontal advection term (Th). Mea-
sured HONO/NOx ratios were always higher than those re-
ported for direct emissions (max. reported 0.8 %) (Pitts et
al., 1984; Kirchstetter et al., 1996; Kurtenbach et al., 2001;
Kleffmann et al., 2003). Thus, no pure direct emissions were
measured. Therefore, the contribution of directly emitted
HONO to the HONO budget is uncertain, butPemis can be
assumed to be of minor importance around noon, as NOx
values exhibit a minimum and show low variability. Fur-
thermore, HONO lifetime is only about 15 min, so at typi-
cal wind speeds of about 3 m s−1, emissions have to occur
within 3 km to reach the site within their lifetime. Addition-
ally, minimum values of HONO/NOx, which indicate fresh
emissions, are independent of wind direction.

Simplifying Eq. (2), we can derive the unknown HONO
daytime source,Punknown, from Eq. (3).

Punknown= LHONO+OH+Lphot+Ldep−PNO+OH

−Phet+
1HONO

1t
(3)

Punknow is not equal to OH production from HONO as for
net OH formation a simple balancing of gas phase sources
and sinks without further assumptions is applicable (POH =

Lphot−LHONO+OH−PNO+OH). Mean diurnal contributions
of the single terms and the values ofPunknown are pre-
sented in Fig. 3. PNO+OH, Lphot, LHONO+OH were cal-
culated from measured values as already described for the
PSS (Sect. 3.2.1).Phet was parameterized from the night-
time NO2 conversion byPhet(t) = FHONO,night[NO2] (Al-
icke et al., 2002) usingFHONO,night= 1.5 % h−1 (Sect. 3.2.2).
The differential dHONO/dt was substituted by the difference

1HONO/1t , which is the mixing ratio difference from the
centre of the interval (5 min) to the centre of the next interval
(LOPAP has 5 min time resolution) and accounts for changes
in mixing ratio levels. It became obvious that point to point
changes in HONO (1HONO/1t) were mostly smaller than
the relative error of the instrument (±12 %), and so we could
not account for these changes. Values above this threshold
were mainly caused by sharp HONO peaks which were ac-
companied with peaks in NO and BC. These plumes passed
the site mainly in the morning hours (see Figs. 2, 3 and 4)
with maximum HONO values comparable to the nighttime
maxima (Fig. 1). This indicates that especially in the morn-
ing, the advective termTh does play a role and the arrival
of plumes at the site mimics a source term (1HONO/1t >

0), whereas their fading (1HONO/1t < 0) mimics a sink
(Figs. 3 and 4). Also, the contribution of1HONO/1t to the
HONO budget depends on the integration time of the HONO
signal. Comparing 5, 15, 30 and 60 min values, the high-
est contribution is associated with the 5 min values and the
lowest with the 30 min values (60 min values are possibly
already influenced by the diurnal cycle). Besides less influ-
ence from advection, the lower contribution of1HONO/1t

to the source and sink terms during the PRIDE-PRD-2004
experiment (Su et al., 2008b) compared to our study could at
least partly be caused by the lower time resolution for HONO
measurements in that study.

The contributions of the terms of Eq. (3) to the HONO
budget (Fig. 3) are as follows. The reaction between HONO
and OH (LHONO+OH) has a very small contribution to HONO
loss (mostly less than 5 % ofLphot). Dry deposition (Ldep) is
also very small (mostly less than 3 % ofLphot). Around noon
the main known HONO source isPNO+OH. Due to low NO2
levels around noon (see Fig. 2)Phet is also very low during
that period. The noon period is clearly dominated by loss
via Lphot (the overall dominant loss process) and formation
by the unknown HONO source (Punknown). Phet is higher
in the morning and evening, respectively, provided that the
parameterization (Sect. 2.3.2) is valid.Punknown is negative
(Figs. 3 and 4) in the early morning and evening indicating
a missing sink, since more HONO is formed by the “known
sources” than is destroyed via photolysis. A likely sink is
non-negligible deposition of HONO, whose relative contri-
bution might be higher in the morning and evening hours
(mixed height�1000 m).

Figure 4a shows all calculated values of the
unknown HONO source (Punknown) in ppt h−1

(=7.37× 103 molecules cm−3 s−1 at 1000 hPa and 273.15 K)
versusj (NO2), as former studies (e.g. Vogel et al., 2003; Su
et al., 2008b) proposed a correlation of this source toj (NO2).
Values forPunknown range from about−700 to 1800 ppt h−1

(at noontime 10:00–14:00 UTC: 105± 39 ppt h−1 for 7 clear
daysN = 195) which is within the range of other rural and
urban studies (Kleffmann, 2007). The filled red dots in
Fig. 4 are points where1HONO/1t values were larger than
the respective relative errors of the HONO measurements,
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Fig. 4. (a)Unknown HONO daytime source (Punknown) in ppt h−1 for all days versusj (NO2). (b) Punknownnormalized by NO2 mixing
ratios yielding a conversion frequency (% h−1). Panel(a) contains only data points (N = 753) which could be normalized to NO2. Points
where1HONO/1t was larger than the relative error of the LOPAP (±12 %) are marked as filled red points. Blue dashed lines are linear fits
to the data with(a) r2

= 0.16 and(b) r2
= 0.38. The grey dashed line in Fig. 4a presents an upper limit based on the mean of the five lowest

points at (jNO2)min and five highest points at (jNO2)max.

and thus included in Eq. (3). Applying a linear fit to the data
in Fig. 4 a yields a coefficient of determination (r2) of 0.16,
and thus a rather weak linear correlation ofPunknown versus
j (NO2).

As light-induced conversion of NO2 is thought to be the
most probable source of HONO daytime formation, we nor-
malized the unknown source by the NO2 mixing ratios to im-
prove comparability to other environmental conditions (re-
mote, urban, laboratory). This normalizedPunknown pre-
sented in Fig. 4b has the same units (% h−1) as the nightime
conversion frequency (FHONO,night) and can be referred to
as a daytime conversion frequency assuming NO2 is the di-
rect precursor as indicated by recent studies of light-induced
NO2 conversion (e.g. Stemmler et al., 2006). Figure 4b in-
dicates that NO2 levels indeed play an important role, as
peak values of the daytime source, when scaled by NO2
mixing ratios, fall below an upper limit of conversion of
Punknown,norm,max= (7490·j (NO2)−1.2) % h−1 . The coef-
ficient of determination of the linear fit to all values (Fig. 4b
blue dashed line) increased from 0.16 without to 0.38 with
NO2 scaling. The correlation further improved tor2

= 0.47
if only data from clear days were taken and advection events
were excluded (Fig. 5 insert). Nevertheless, this means that
less than 50 % of the variance is explained by the linear
model of the normalized unknown HONO source increasing
linearly with j (NO2). A possible reason are HONO sources
which are independent of the NOx values such as HNO3 pho-
tolysis (Zhou et al., 2011) or soil emissions (Su et al., 2011).
These sources would cause an overestimation of the conver-
sion frequencies at low ambient NOx levels. Nevertheless,
normalizing by NO2 values seems to efficiently remove peak
values in HONO formation during advection events.

As can be seen from a comparison with the diurnal cy-
cle of the normalizedPunknown in Fig. 5, the contribution of

Phet to daytime HONO is very low during most of the day.
While the maximum dark heterogeneous conversion rates are
around 2 % h−1, the normalized unknown source (presum-
ably daytime NO2 conversion frequency) reaches median
values of about 14 % h−1 around noontime, with maximum
values up to 43 % h−1. Around noonPunknown is thus about
7 to 20 times faster than the parameterized nighttime conver-
sion, which is in agreement with Kleffmann et al. (2003), but
a factor of three lower than found by Kleffmann et al. (2005).

3.4 Potential contributions to the unknown HONO
daytime source

In this section we investigate the contributions of two pos-
sible reaction pathways recently investigated in laboratory
studies following a light-induced conversion of NO2.

3.4.1 NO2 conversion on irradiated soot

We calculated HONO production rates from the reaction of
NO2 on irradiated soot surfaces by extrapolating the reactive
uptake coefficients (γ -values) derived in a laboratory study
(Monge et al., 2010) to conditions we measured in the field.
Theseγ -values were normalized to the Brunauer-Emmett-
Teller surface (BET-surface) of the soot samples yielding
a mass independent uptake (γ -BET). Thisγ -BET for NO2
was found to increase with increasing irradiance and with de-
creasing NO2 mixing ratios (Monge et al. 2010). Therefore,
we used an extrapolation to lower NO2 values (�16 ppb)
provided by B. D’Anna et al. (personal communication,
2010) leading to higher reactive NO2 uptake in our study
(median daytime NO2 = 0.9 ppb). For simplicity, we took
a value of 100 m2 g−1 as the BET surface for soot, which is
between the values (120–140 m2 g−1 from a propane flame)
used by Monge et al. (2010) and a value of 97 m2 g−1
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Fig. 5. Diurnal cycle (only daytime) of the unknown HONO source
(Punknown), normalized by NO2 mixing ratios from 7 cloud-free
days (same as Fig. 2). To reflect more stationary conditions, only
values where1HONO/1t was lower than the relative error of the
LOPAP were included in this graph. The upper ends of the bars re-
flect the 75th percentiles, the lower bounds the 25th percentiles and
the line in between the medians. The upper whiskers represents the
90th percentiles and the lower the 10th percentiles. The minimum
number of data points per hour is 17 (07:00), the maximum is 59
(13:00), except for the values close to sunset (17:00) with only 8
data points. Orange dots and bars represent the mean and standard
deviation ofj (NO2) for these days, respectively. The insert shows
the same data, but as correlation plot of normalizedPunknownversus
j (NO2). Ther2 of the regression line is 0.47.

published for freshly emitted (81 m2 g−1 for oxidized) soot
(Daly and Horn, 2009). It can be regarded as an upper limit
for soot from natural and anthropogenic combustion (Rockne
et al., 2000; Fernandes et al., 2003). Black carbon (BC)
measurements were taken as proxy soot values. As a fur-
ther simplification, we used a constant upper limit integrated
(300–420 nm) photon flux of 1.91× 1016 photons cm−2 s−1

instead of varying it with the solar zenith angle. Therefore,
the diurnal variation of the calculated values (Fig. 6) has to
be viewed with caution. High values in the morning hours
due to NO2 and BC peaks are actually lower due to lower
irradiance values in the morning, and thus lower reactivity.
Following Monge et al. (2010), we assumed a HONO pro-
duction of 60 % of the reactive NO2 uptake. Although we
used upper limits for all calculations, the resulting values
for the HONO production by this source (Fig. 6) are be-
low 0.6 % ofPunknown in 75 % of all cases (25 percentile =
0.2 % and median = 0.3 %). Thus, for conditions encoun-
tered during our campaign (daytime BCmedian∼ 300 ng m−3

and NO2,median∼ 0.9 ppb) this reaction has no noticeable in-
fluence on HONO daytime values.

Fig. 6. Comparison of different HONO daytime source strengths
(blue: NO2 + soot +hν (Monge et al., 2010); red: NO2* + H2O, Li
et al., 2008) with the unknown HONO daytime source (black).

3.4.2 Electronically excited NO2 reacting with water
vapour

In order to study the potential contribution of the controver-
sially discussed reaction of electronically excited NO2 with
water vapour (R8), we calculated its contribution to HONO
and OH formation using the expression for OH production
(= HONO production) from Crowley and Carl (1997).

ROH = jex(NO2)[NO2]/(1+kair[M]/k8[H2O]) (4)

jex(NO2) is the frequency of electronic excitation of NO2
beyond the dissociation threshold (>420 nm), and kair
(∼3× 10−11, Crowley and Carl, 1997) the rate constant
for non-reactive quenching with air.k8 is the rate con-
stant for the reactive quenching with H2O, k8,Crowley =

1.2× 10−14 cm3 molecules−1 s−1 according to Crowley and
Carl (1997) andk8,Li = 1.7× 10−13 cm3 molecules−1 s−1 ac-
cording to Li et al. (2008). We estimatedjex(NO2) from mea-
suredj (NO2) by multiplying with a factor of 3.5 (Crowley
and Carl, 1997) which is consistent with solar zenith angles
<70◦ (∼60◦ around noontime).

Referring tok8,Li as an upper limit, HONO and OH pro-
duction rates calculated via Eq. (4) are in the order of a few
ppt h−1. This contribution toPunknown is less than 8 % for
75 % of our data, with a median contribution of 4 %. Us-
ing k8,Crowley, the values are one order of magnitude lower
and thus negligible. These findings are in line with calcu-
lations from Crowley and Carl (1997) and with recent mod-
elling studies (Wennberg and Dabdub, 2008; Sarwar et al.,
2009; Ensberg et al., 2010) where this reaction was found to
have a noticeable impact only at very high pollution levels,
when usingk8,Li . As we do not expect the value fork8 to be
higher than reported by Li et al. (2008), we do not follow the
approach of Wentzell et al. (2010) to explain the unknown
HONO source by Reaction (R8) with varyingk8 alone. A
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very recent paper by Amedro et al. (2011) confirms that the
reaction of Li et al. (2008) followed a multi photon absorp-
tion process, and provides an upper limit for reactive quench-
ing which is even lower than that of Crowley and Carl (1997).

3.4.3 Important ground sources

The proposed formation of nitrous acid on the ground fol-
lows two major pathways. The light induced NO2 conversion
via organic photosensitizers (George et al., 2005; Stemmler
et al., 2006) and the microbiological formation of nitrite in
the soil and the volatilization to the atmosphere as HONO
(Kubota and Asami, 1985; Su et al., 2011). As recent mea-
surements of the photolysis of adsorbed HNO3 (Zhu et al.,
2010) found NO2* as the main photolysis product, Zhou et
al. (2011) assume that HONO formation by HNO3 photolysis
also follows the mechanism of NO2 conversion provided by
George et al. (2005) and Stemmler et al. (2006). Adsorbed
HNO3 therefore acts as a reservoir or a source of NOx in rural
environments (Zhou et al., 2002b, 2003, 2011). One might
speculate if the reaction of NO2* formed by HNO3 photoly-
sis at the surface with adsorbed water is also enhanced with
regard to the gas phase Reaction (R8), and thus can act as
source of HONO from HNO3 photolysis. The relative con-
tribution of HNO3 photolysis to direct NO2 conversion in-
creases with surface nitrate loading and decreasing NOx val-
ues. This might be reflected in our measurements as some
of the highest conversion frequencies (Fig. 4b) were mea-
sured on a “clean day” (NOx < 0.5 ppb). For a rough esti-
mate of the contribution of direct NO2 conversion (on aerosol
and ground surfaces) we took the estimates of Stemmler et
al. (2007) which are about 1 ppt h−1 for humic acid aerosol
and about 700 ppt h−1 for conversion at the soil surface in a
100 m mixed height at 20 ppb NO2. We scaled these values
to 1 ppb NO2 (observed NO2 values). As already concluded
by Stemmler et al. (2007) the contribution of the aerosol is
negligible (∼0.05 ppt h−1). The ground source would con-
tribute about 35 ppt h−1, i.e. one third of the missing source,
applying a linear scaling with NO2.

Regarding the soil emissions, there are no soil acidity and
nitrate loading data available for the DOMINO campaign.
Therefore, it is at best speculative to derive a HONO source
based on the numbers given by Su et al. (2011) as the re-
sulting HONO fluxes vary by orders of magnitude. But
as HONO soil flux values in the lowest range (low nitro-
gen loading and rather high pH) can already produce source
strength in the right order of magnitude forPunknown, this
HONO source might be a substantial contribution during
DOMINO.

All calculations about source strength at the ground are
very sensitive to vertical mixing. Thus, as already addressed
by Zhou et al. (2011), vertical transport determines the dis-
crepancy between the effective source strength relative to that
calculated at the measurement height. We conclude that only
modelling which takes vertical transport into account can

Fig. 7. Comparison for the seven clear days of the campaign of
calculated primary OH production by HONO and ozone photolysis
(means and standard deviations).

yield reliable estimates of the ground source contribution to
the missing HONO source.

3.5 Comparison of OH radical production from ozone
and HONO photolysis

OH production rates from ozone photolysis were calculated
from ozone, H2O measurements and modelledjO(1D) val-
ues which were scaled by the ratio of measured and modelled
j (NO2). OH production from O(1D) was calculated accord-
ing to Crowley and Carl (1997) using the rate constants for
O(1D) quenching by O2, N2 and O3 and the reaction with
H2O taken from the IUPAC recommendations (Atkinson et
al., 2004 and updated values from the IUPAC homepage,
http://www.iupac-kinetic.ch.cam.ac.uk/). These values are in
good agreement (∼3 % higher) with the same calculations
using the recommendations from Sander et al. (2006). The
net OH production by HONO was calculated by balancing
source and sink terms of OH by HONO in the gas phase (for
k values see Sect. 3.2):

POH=j(HONO)[HONO]−k7[NO][OH]−k6[HONO][OH] (5)

Although HONO mixing ratios (mean: 30 ppt) are three
orders of magnitude lower than O3 mixing ratios (mean:
35 ppb) around noon and OH production rates by O(1D) ex-
ceed those of HONO photolysis by about 50 % around noon
(11:00–13:00), the integrated daily OH production is about
20 % lower than that of HONO. Figure 7 shows the higher
contribution of HONO photolysis to the OH formation in the
morning and evening hours due to longer wavelengths (up to
∼400 nm) associated with HONO photolysis. A special fea-
ture of our measurement site are the very high HONO values
between 08:00 and 11:00, which can be attributed to advec-
tion (see Sects. 3.2 and 3.3). This leads to highPOH values
from HONO photolysis during that period.

www.atmos-chem-phys.net/11/10433/2011/ Atmos. Chem. Phys., 11, 10433–10447, 2011

http://www.iupac-kinetic.ch.cam.ac.uk/


10444 M. S̈orgel et al.: Quantification of the unknown HONO daytime source and its relation to NO2

4 Conclusions

The unknown HONO daytime source derived from our mea-
surements was normalized by NO2 mixing ratios to improve
comparability of HONO source strengths in different envi-
ronmental and laboratory conditions. For the nighttime for-
mation of HONO, we can exclude that NO plays an impor-
tant role as NO was mostly below the detection limit of about
6 ppt. Inclusion of the parameterized nighttime HONO for-
mation from NO2 (1.5 % h−1 in this study) as an additional
source into the calculations of the unknown HONO daytime
source (Punknown) yields mainly negative values in the early
morning. This indicates the relevance of loss terms not taken
into account (e.g. deposition) or overestimation of the dark
heterogeneous formation in the morning and evening. Re-
stricting the analysis only to cloud free days and the time
around noon, when faster HONO photolysis leads to life-
times around 15 min and other loss processes for HONO are
small compared to loss by photolysis, establishment of a PSS
can be assumed. The mean source strength ofPunknown un-
der these conditions was about 100 ppt h−1 and thus in the
lower range of values reported in the literature. Neverthe-
lessPunknown was the dominant HONO source during day.
The normalized unknown HONO source (or NO2 conversion
frequency, if we assume that NO2 is the precursor) varied
from slightly negative values in the morning and evening to
an upper limit correlated withj (NO2). High median day-
time NO2 conversion frequencies of∼14 % h−1 were found
around noon, in addition to the 1.5 % h−1 HONO formation
rate observed during night.

Our results indicate light-induced HONO formation, pos-
sibly via conversion of NO2 as indicated by lab experi-
ments. This source is about an order of magnitude stronger
than HONO formation during nighttime. We compared the
HONO net source to values calculated for light-induced NO2
uptake on soot (Monge et al., 2010) and the reaction of elec-
tronically excited NO∗2 with water vapour. The contribution
of these reactions to HONO daytime values was mostly less
than 10 % and cannot explain the HONO source strength de-
rived in our study. Other processes like light-induced conver-
sion of NO2 on irradiated organic materials like humic acids
(Stemmler et al., 2006), or soil emissions (Su et al., 2011)
might be more important. Additional measurements includ-
ing detailed speciation of organic aerosols and determination
of humic acids on ground and canopy surfaces are needed to
quantify their contribution. Furthermore, a detailed assess-
ment of the contribution of the ground sources requires pro-
found knowledge of boundary layer processes. The unknown
HONO daytime source is essential contribution to primary
OH production, as photolysis of HONO exceeded the OH
formation by ozone photolysis by 20 %.
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Gonçalves, M., Dabdub, D., Chang, W. L., Saiz, F., Jorba, O., and
Baldasano, J. M.: The impact of different nitrous acid sources

in the air quality levels of the Iberian Peninsula, Atmos. Chem.
Phys. Discuss., 10, 28183–28230,doi:10.5194/acpd-10-28183-
2010, 2010.

Gustafsson, R. J., Orlov, A., Griffiths, P. T., Cox, R. A., and Lam-
bert, R. M.: Reduction of NO2 to nitrous acid on illuminated
titanium dioxide aerosol surfaces: implications for photocataly-
sis and atmospheric chemistry, Chem. Commun., 37, 3936–3938,
2006.

Gustafsson, R. J., Kyriakou, G., and Lambert, R. M.: The molecular
mechanism of tropospheric nitrous acid production on mineral
dust surfaces, Chem. Phys. Chem., 9, 1390–1393, 2008.

Gutzwiller, L., Arens, F., Baltensberger, U., Gäggler, H. W., and
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