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Abstract

During the DOMINO (Diel Oxidant Mechanism In relation to Nitrogen Oxides) campaign
in southwest Spain we measured simultaneously all quantities necessary to calculate
a photostationary state for HONO in the gas phase. These quantities comprise the
concentrations of OH, NO, and HONO and the photolysis frequency of NO,, j(NO,)
as a proxy for j(HONO). This allowed us to calculate values of the unknown HONO
daytime source. This unknown HONO source, normalized by NO, mixing ratios and
expressed as a conversion frequency (% h_1), showed a clear dependence on j(NO,)
with values up to 43% h™" at noon. We compared our unknown HONO source with
values calculated from the measured field data for two recently proposed processes,
the light-induced NO, conversion on soot surfaces and the reaction of electronically
excited NO,* with water vapour, with the result that these two reactions normally con-
tributed less than 10 % (<1% NO, + soot + hv; and <10 % NO,* + H,O) 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)) integrated
over the day.

1 Introduction

Nitrous acid (HONO) is an important OH radical precursor which serves as the “de-
tergent” of the atmosphere due to its oxidizing power. Besides its importance for the
atmospheric oxidation potential, HONO is part of acid and nutrient deposition to the
biosphere. Moreover, growing concern exists about possible health effects due to the
formation of nitrosamines (Hanst et al., 1977; Pitts et al., 1978) where HONO acts as
the nitrosating agent, especially in indoor environments after wall reactions of HONO
with nicotine (Sleiman et al., 2010). Despite three decades of research since the first
unequivocal detection of HONO in the atmosphere (Perner and Platt, 1979), HONO
formation processes in the atmosphere are still under discussion, especially during
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daytime where large discrepancies were found between mixing 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 heteroge-
neous disproportionation of nitrogen dioxide (NO,):

2NO, + H,0 — HONO + HNO, (R1)

This reaction has been extensively studied on different materials like fluorinated poly-
mers and different types of glass as reviewed by Lammel and Cape (1996), but also
on building materials like concrete (Trick, 2004). It was found to be first order in NO,
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 NO, dimer (N,O,) in
the gas phase was proposed (Finlayson-Pitts et al., 2003), but is not important in the
real atmosphere (Kleffmann et al., 1998; Gustafsson et al., 2008). Recently, evidence
for a mechanism involving reaction between adsorbed NO, and H (NO,, (ads) + H(ads)
— HONO (ads)) present on the surface following the dissociation of chemisorbed H,O
was found in a study on mineral dust particles with isotopically labelled water (Gustafs-
son et al., 2008), but the results are probably not transferable from laboratory to field
conditions (Finlayson-Pitts, 2009). In the absence of light, HONO formation from NO,
on soot deactivates quite rapidly and thus was concluded to be less important for atmo-
spheric 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 Reac-
tion (R2) of reducing organic compounds {C-H} .4 with NO, (Gutzwiller et al., 2002a).
A reaction 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 phenolate with
NO,.

NO, + {C - H},;4 = HONO + {C}, (R2)

NO +NO, +H,0 — 2HONO (R3)
15121
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HNO4(ads) + NO(g) — HONO +NO, (R4)

The Reactions (R3) (via the intermediate N,O3) and (R4) proposed from field measure-
ments (Calvert et al., 1994; Andres-Hernandez et al., 1996; Saliba et al., 2001) could
neither explain laboratory results under low NO, 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 + hv - NO + OH (R5)
An additional sink is the reaction of HONO with OH (Reaction R6).

HONO + OH — NO, + H,0 (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 (zero OH cycle), some with j(HONO) calculated from UV measurements (Ren et
al., 2003, 2006). In all these studies measured HONO values exceeded the HONO val-
ues 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 NO, to HONO
or other photolytic sources of HONO as recently summarized by Kleffmann (2007).
There are a variety of proposed sources dealing with light-induced NO, reduction in-
cluding NO, reduction on irradiated mineral surfaces like TiO, (Gustafsson et al., 2006;
Ndour et al., 2008). Many studies focussed on the reduction of NO, involving organic
15122
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photosensitizers (George et al., 2005) like hydrocarbons on soot (Monge et al., 2010)
or humic acids (Stemmler et al., 2006; Stemmler et al., 2007). As already proposed
from smog chamber experiments (Killus and Whitten, 1990), photolysis of deposited
HNOg/nitrate on surfaces was suggested as a daytime HONO source for rural envi-
ronments by Zhou et al. (2002a), Zhou et al. (2002b) and Zhou et al. (2003) from field
studies with low NO, conditions. This mechanism is still controversial since the photoly-
sis of HNO3; was not found to be a photolytic source of HONO in chamber experiments
(Rohrer et al., 2005). Quantum yields for HNOg/nitrate photolysis are too low in the
gas phase and in solution (Kleffmann, 2007), but this process can be enhanced at
surfaces (Finlayson-Pitts, 2009) or via organic photosensitizers as speculated by Kleff-
mann (2007). Recent studies indeed proved the enhanced light absorption of surface
adsorbed HNO3; compared to the gas phase (Zhu et al., 2008, 2010).

A direct HONO source is the photolysis of nitrophenols (Bejan et al., 2006) depend-
ing on pollution levels which govern the formation of nitrophenols.

NO; +H,0 — HONO + OH (R8)

The contribution of the reaction of electronically excited NO,* with water vapour (Re-
action R8) to the oxidation capacity of the troposphere was investigated in recent mod-
elling studies (Wennberg and Dabdub, 2008; Sarwar et al., 2009; Ensberg et al., 2010).
These studies focussed on ozone formation and concluded that there is an impact
on oxidant formation for high NO, emissions when using the rate constant of Li et
al. (2008) for reactive quenching of NO,*. Even with low NO, emissions the influence
is still noticeable, whereas using the rate constant of Crowley and Carl (1997) the im-
pact is negligible. The portion of the reactive quenching of NO,* by H,O (and thus the
rate constant of Reaction (R8), kg) 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 NO,* by H,O of kg =1.2 x 10~ cm® molecules™'s7'. A
recent study by Carr et al. (2009) confirmed these findings. In contrast to these studies
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which used unfocussed laser beams, Li et al. (2008) observed OH production and
report a one order of magnitude higher value for kg = 1.7 x 107" cm® molecules™"s7".

In this study we quantify the gas phase photostationary state for HONO from mea-
sured values in Spain, calculate the values of the unknown HONO daytime source, and
compare the latter with HONO formation from Reaction (R8) and the light-induced NO,
conversion on soot (Monge et al., 2010).

2 Experimental

The Diel Oxidant Mechanism In relation to Nitrogen Oxides (DOMINQO) campaign took
place at the “Atmospheric Sounding Station — El Arenosillo”, a platform of the Atmo-
spheric Research and Instrumentation Branch of the Spanish National Institute for
Aerospace Technology (INTA) dedicated to atmospheric measurements in the south-
west 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 (Pi-
nus pinea L.) forest with sandy soil. Only sparse buildings and streets were located
around the site. About 15km 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 10m above ground (~4 m
above canopy) on a scaffold and at 1 m above ground, by commercial LOPAP instru-
ments (LOng Path Absorption Photometer, QUMA Elektronik & Analytik, Wuppertal,
Germany). The LOPAP is based on a wet chemical technique, with fast sampling of
HONO as nitrite 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 instruments
were placed outside directly on the scaffolds in ventilated aluminium boxes without
temperature control. The temperature of the stripping coils was kept constant at 20°C
by thermostats to assure constant sampling conditions.
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The instrument used to measure NO, was a high resolution and high sensitiv-
ity chemiluminescence detector (ECO-Physics CLD 790 SR, ECO-Physics, Durnten,
Switzerland) which carries out simultaneous in situ measurements of NO and NO,.
NO is measured directly, however, NO, is measured indirectly after conversion to NO
using a blue light converter which is a solid state photolytic converter (Droplet Mea-
surement Technologies, Boulder, CO, USA). A detailed description of the instrument
and calibration techniques has been given by Hosaynali-Beygi et al. (2011).

Air was sampled through a polytetrafluoroethylene (PTFE) inlet line which was
mounted on top of a scaffold 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 uncertainty for the original 1 s data (at 20) based on the calculations of precision
and accuracy is 6.04 ppt + 5 % of reading for NO and 8.29 ppt + 8 % of reading for NO,
measurements.

OH was measured by Laser Induced Fluorescence (LIF) with the “HORUS”
(HydrOxyl Radical measurement Unit based on fluorescence Spectroscopy) instrument
(Martinez et al., 2010). The detection system was placed next to the LOPAP on top of
the scaffold (10 m).

NO, photolysis frequencies j(NO,) were measured by filter radiometers (Meteorolo-
gie consult, Konigstein, Germany) on top of the scaffold. The HONO photolysis fre-
quency (j(HONO)) was calculated by multiplying j(NO,) with a factor of 0.175 (Trebs
et al., 2009).

Photolysis frequencies for O(1 D) formation (j(O(1 D)) 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) and then
scaling the calculated O(1D) values with the same factor as j(NO,) to measured
j(NOy).

Meteorological parameters like temperature, relative humidity (RH), atmospheric
pressure, wind speed and wind direction were measured with a Vaisala WXT510
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(Vaisala, Helsinki, Finnland) meteorological station on top of the MolLa (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 “Airpointer” (Recordum, Médling,
Austria), water vapour mixing ratios by infrared absorption (LICOR 840, Li-COR, Lincol,
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 chemical measurements during the
experiment in November/December 2008. In the beginning of the campaign there was
a fair weather period with moderate (about 3m 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 except 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 Calculating the photo stationary state

Regarding only the well-established gas phase formation (R7) and gas phase sink
processes (Reactions R5 and R6) one can calculate the photostationary state (PSS)
mixing ratio of HONO (Cox, 1974; Kleffmann et al., 2005),
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_ kz[NOJ[OH]
[HONOpss] = kg[OH] + j(HONO) ()

[HONOpgs] is the equilibrium concentration, [NO] and [OH] are the measured NO
and OH concentrations, and j(HONO) is the photolysis frequency of HONO. For k-
two values are recommended which differ by 24 % (constantly over the temperature
and pressure range of our study): from IUPAC (Atkinson et al., 2004) k7 oggk) =

9.8 x 10" "2cm® molecules™'s™" and from JPL (Sander et al., 2006) K7 (098K) =

7.4 x 1072 cm® molecules™ s™'.  This calculated JPL value is consistent with the
value (k7 (.oogk) = (7.4 +£1.3) x 10~ "2 cm® molecules™' s™') measured directely at at-
mospheric pressure by Bohn and Zetzsch (1997). We therefore prefer this value

and use it for our calculations of the PSS. A rate constant of kgoggk = 6.0 x

1072 cm® molecules™' s™' was taken for Reaction (R6) from Atkinson et al. (2004).
Rate constants for the Termolecular Reaction (R7) were calculated from the fall-of
curves according to the schemes given by the respective reference (Atkinson et al.,
2004; Sander et al., 2006).

NO (5 %) and NO, photolysis frequencies (j(NO,) +5 %) were measured very ac-
curately. Thus, uncertainties in the PSS mainly originate from OH (+£18 % accuracy)
measurements which are very difficult. This has some influence on HONO formation
via Reaction (R7) but not much influence on the loss term, since HONO loss via Re-
action (R7) was mostly less than 5 % of the total loss (Reactions R5 + R6) during the
whole campaign. As OH measurements may possibly suffer from interferences, the
[HONOpgg] 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
the j(HONO) values since the portions of the upwelling part of the radiation measured
at the site were about 0.3—-0.5 of the downwelling (direct + diffuse). This high albedo
values were presumably caused by the white container roofs and the aluminium scaf-
fold below the sensor (in the morning also contribution of direct sunlight from the rising
sun). As the minimum HONO lifetime (inverse photolysis frequency) is about 15 min
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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). There-
fore, we chose an albedo value for UV radiation of the surrounding pine forest of 0.05
(Cancillo et al., 2005) which is more representative. Additionally, we estimated the
uncertainty for the conversion of j(NO,) values into jJ(HONO) to be 5 % by comparing
different parameterizations (Kraus and Hofzumahaus, 1998; Trebs et al., 2009) . The
relative error of the HONO measurements is 12 % (Sorgel et al., 2011).

Figure 2 summarizes the diurnal courses of HONO and NO, for 7 cloud free days.
On the 27th around noon, fair weather clouds were passing. These data points were
rejected for further analysis to exclude effects from fluctuations in jJ(HONO). On 2 De-
cember, data was taken from a second LOPAP at 1 m height. Both instruments have
been demonstrated to agree within 12 % under dry field conditions in side-by-side mea-
surements (Sorgel 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 (Sorgel et al.,
2011). The portion of HONO formed by known reactions in the gas phase ((HONOpgs],
Fig. 2b) is not negligible. Only 15 % of the data is below 10 % of the measured HONO
mixing ratios. On the other hand, the gas phase formation can explain only part of
the measured HONO, as 96 % of the [HONOpgg] values are lower than the measured
values by a factor of 2 or more.

HONO¢as; HONOpgg, NO and NO, have a similar diurnal cycle with the most
pronounced feature being the maximum values around 09:00 UTC. This could be ex-
plained by local emissions which were trapped in the stable boundary layer before the
breakup of the inversion in the morning. In the afternoon (15:00-16:00), this peak
occurs less pronouncedly in NO and NO, but very clearly in the PSS values, as OH
values are about twice (~ 3 x 10° molecules cm_s) those at 09:00. From Figs. 2b and d
one can infer that [HONOpgg] is dependent on NO mixing ratios (r2 =0.78). Measured
HONO mixing ratios (Fig. 2a) have a coefficient of determination r? = 0.49 with [NO,]
and r? = 0.36 with [NOJ.
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Interestingly, the HONO/NO, ratios are always higher than those reported for direct
emissions (max. reported 0.8 %) (Pitts et al., 1984; Kirchstetter et al., 1996; Kurten-
bach et al., 2001; Kleffmann et al., 2003). This can be explained by efficient (up to
43 % h'1) light-induced conversion of NO, during daytime (Sect. 3.3, Figs. 4b and 5).
Around noon the influence of direct emissions is probably the lowest, as NO, values
exhibit a minimum and low variability. Furthermore, HONO lifetime is only about 15 min,
so at typical wind speeds of about 3m s~', emissions have to occur within 3 km to reach
the site within their lifetime. During this period HONO/NO,, ratios reach their daytime
maximum with values around 4 % (Fig. 2e), implying efficient NO, conversion.

To sum up known HONO formation pathways, the heterogeneous 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 Reactions (R1/R2) con-
tinue 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 discussion in Vogel et al., 2003). If no deposition or advection occurs, HONO/NO,
will rise continuously until sunrise, as photolysis is absent. We found decreasing
HONO/NO, in the late night until sunrise which may point to domination of loss pro-
cesses of HONO, e.g. deposition. Therefore, it is questionable if Reactions (R1)/(R2),
i.e. heterogeneous formation, can simply 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 magnitude of the unknown daytime source
Pinknown Yields 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.

Generally, a stable boundary layer is formed at nighttime in which turbulence is sup-
pressed, whereas during daytime a mixed layer develops which is much more turbulent
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(e.g. Stull, 1988). This has two opposing effects on Reactions (R1)/(R2) (especially if
the ground surface is the dominant source).

1. During daytime turbulence is enhanced which means that NO, is efficiently trans-
ported to the reactive surface.

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

There is ample evidence from ground based field measurements (Harrison and Kitto,
1994; Stutz et al., 2002; Veitel, 2002; Kleffmann et al., 2003; Zhang et al., 2009; Sorgel
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 sig-
nificant 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 ex-
clusively emitted from the ground. Furthermore, profiles from recent aircraft measure-
ments were closely related to atmospheric stability with higher HONO values close to
the ground and steeper gradients during stable conditions (Zhang et al., 2009). There-
fore, mixing ratios should also be controlled by the mixed volume which determines
the surface to volume ratio (S/V). The conventional way to account for changes in
S/V is the scaling of HONO or HONO production (Byono) by NO, or NO, (e.g. Alicke
et al., 2002, 2003). It is assumed that NO, is also emitted close to the ground, and
therefore is also sensitive to S/V. As local sources/sinks may disturb this 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; Sorgel et
al., 2011) tried to address S/V (ground and aerosol) directly by using inversion layer
heights from SODAR measurements to estimate mixed volumes. However, at night a
stable boundary layer is formed were only intermittent turbulence provides some mixing
(Stull, 1988). Therefore, a mixed volume cannot easily be defined.

Apart from that, NO, conversion frequencies measured in different environments
around the world are all within a quite narrow range from 0.4 to 1.8% h™' as
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summarized by Su et al. (2008a) and Sorgel et al. (2011). Conversion frequencies
of 0.9-2%h™" for individual nights and a mean value of 1.5+0.6 % h™' were derived
for this study. In our study, this nighttime HONO formation occurs presumably by
(R1)/(R2). Formation through Reactions (R3), (R4) and (R7), all involving NO, can-
not be important since HONO typically increased from sunset (17:30 UTC) to midnight,
when NO mixing ratios were mostly (93 %) below the detection limit (LOD) of 6 ppt.
Only 87 of 1232 five-minute mean values were above the LOD with mean/median mix-
ing ratios of 20/8 ppt, respectively.

3.3 Missing daytime source

As shown in Sect. 3.2 (Fig. 2) measured HONO values (HONO,,.,s) almost always
exceed the [HONO]pgg values. 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)
= (L phot + Lono+oH * Laep) + Ty + T (2)

The source/production (P,) terms consist of the gas phase formation (Pyo.on, Re-
action R7), the dark heterogeneous formation (P, via Reactions R1/R2) and direct
emissions (Pumis): Punknown 1S the unknown HONO daytime source. The sink/loss pro-
cesses (L) are photolysis (L 5.1, Reaction R5), reaction of HONO with OH (L yono.+oHs
Reaction R6), and dry deposition (L 4,). Note that the terms for vertical (7,) and hori-
zontal advection (7,,) can mimic source or sink terms depending on the HONO mixing
ratios of the advected air relative to that of the measurement site (and height). If HONO
has a ground source (or near surface aerosol source), T, mimics a sink term, as vertical
mixing dilutes HONO formed near the ground (see also Sect. 3.2).

However, since we do not exactly know the sources of HONO and the vertical trans-
port, we cannot quantify 7,. Su et al. (2008b) assumed T, to be the same order as
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L 4ep and thus small compared to L. Lgep CAN be parameterized by multiplying the
measured HONO concentration with the dry deposition velocity and then scaling by
the mixing height. Taking a deposition velocity of 2cm s (Harrison et al., 1996; Su et
al., 2008b) and a mixing height of 1000 m, L 4, is in the order of a few ppth™" in our
study which is indeed small (<3 % of L y,,; 09:00-15:30 UTC for 7 clear days N = 312)
compared to L .. As is discussed in more detail later, the relative contribution of L 4,
might be higher in the morning and evening hours, as L, is smaller and a stable
boundary layer is formed (mixed height «1000m, or stable conditions). Overall, T,
and L 4¢, are small loss terms (compared to L ,n). If their contributions are larger than
assumed (especially in the morning and evening), P,nnown IS Underestimated during
these periods.

Psmis cannot easily be determined, because its contribution varies with the source
strength, the HONO lifetime, the horizontal wind speed and wind direction. Again,
this contribution 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 (7},).

Measured HONO/NO, ratios where always higher than reported for direct emissions
(Sect. 3.2), thus no pure direct emissions were measured. Therefore, the contribution
of directly emitted HONO to P,xnown IS Uncertain, but P, can be assumed to be of
minor importance around noon (Sect. 3.2).

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

AHONO
Punknown = Lono+oH * Lphot + L dep = Puo+oH = Fhet + At (3)

Pinknow 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

(Pon = Lphot — LHono+oH — Pno+on)-  Mean diurnal contributions of the single terms

and the values of A nown are presented in Fig. 3. Ayo.ons Lphots LHoNo+oH WETE

calculated from measured values as already described for the PSS (Sect. 3.2). B,
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was parameterized from the nighttime measurements A,¢(¢) = Friono night [NO2] (Al-
icke et al., 2002) by assuming that the dark HONO formation (Fyono night) Proceeds in
the same manner as during the HONO mixing ratio increase at night (see Sect. 3.2
and discussion below). Using Fiiono night = 1.5%h™" (Sect. 3.2), Pinknown 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 contribution might be higher in
the morning and evening hours (mixed height «<1000m). The differential dHONO/dt
was substituted by the difference AHONO/A¢, which is the mixing ratio difference from
the centre of the interval (5min) to the centre of the next interval (LOPAP has 5min
time resolution) and accounts for changes in mixing ratio levels. It became obvious
that point to point changes in HONO (AHONO/At) were mostly smaller than the rela-
tive 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
accompanied 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 morning, the advective
term T, does play a role and the arrival of plumes at the site mimics a source term
(AHONO/At > 0), whereas their fading (AHONO/A? < 0) mimics a sink (Figs. 3 and
4). Also, the contribution of AHONO/At to P,nnown depends on the integration time of
the HONO signal. Comparing 5, 15, 30 and 60 min values, the highest 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 influence from ad-
vection, the lower contribution of AHONO/A? 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.
In Fig. 3 the diurnal course of the mean contributions of the single terms of
Eq. (3) and the values for P, nown are shown. The reaction between HONO and OH
(L Hono+on) has a very small contribution to HONO loss (mostly less than 5 % of L ).
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Dry deposition (L 4,) is also very small, but its relative contribution might be higher in
the morning and evening. Around noon the main known HONO source is Py, on- Due
to low NO, levels around noon (see Fig. 2) A, is also very low during that period. The
noon period is clearly dominated by loss via L, (the overall dominant loss process)
and formation by the unknown HONO source (P, nknown)- Fhet IS higher in the morning
and evening, respectively, provided that the parameterization (Sect. 2.3) is valid.

Figure 4a shows all calculated values of the unknown HONO source (P,nknown) IN
ppth™" (=7.37 x 10° moleculescm™>s™" at 1000 hPa and 273.15K) versus j(NO,), as
former studies (e.g. Vogel et al., 2003; Su et al., 2008b) proposed a correlation of
this source to j(NO,). Values for P, own fange from about —700 to 1800 ppth™" (at
noontime 10:00-14:00 UTC: 105 £ 39 ppth_1 for 7 clear days N = 195) which is within
the range of other rural and urban studies (Kleffmann, 2007; and Table 1). The filled
red dots in Fig. 4 are points where AHONO/At values were larger than the respective
relative errors of the HONO measurements, and thus included in Eq. (3).

As light-induced conversion of NO, is thought to be the most probable source of
HONO daytime formation, we normalized the unknown source by the NO, mixing ra-
tios to improve comparability to other environmental conditions (remote, urban, labora-
tory). This normalized P, nown Presented in Fig. 4b has the same units (% h™') as the
nightime conversion frequency (Fono night) @nd can be referred to as a daytime con-
version frequency assuming NO, is the direct precursor as indicated by recent studies
of light-induced NO,, conversion (e.g. Stemmler et al., 2006).

Figure 4b indicates that NO, levels indeed play an important role, as peak values of
the daytime source, when scaled by NO, mixing ratios, fit into the “correlation scheme”.
From Fig. 4b it seems that there is an upper limit for conversion of NO, to HONO de-
pending on light intensity. Assuming that the dark heterogeneous conversion proceeds
with the same rate during day as in the early night, its contribution to £, own IS Very
low during most of the day. This can be seen from a comparison with the diurnal cycle
of the normalized P, nown iN Fig. 5. While the maximum dark heterogeneous conver-
sion rates are around 2%h™", the normalized unknown source (presumably daytime

15134

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
11, 15119-15155, 2011

Quantification of the
unknown HONO
daytime source

M. Sorgel et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/15119/2011/acpd-11-15119-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/15119/2011/acpd-11-15119-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

NO, conversion frequency) reaches median values of about 14 % h~" around noon-
time, with maximum values up to 43 % h~". Around noon Pnknown i thus about 7 to
20 times faster than the parameterized nighttime conversion, which is in agreement
with Kleffmann et al. (2003), but a factor of three lower than found by Kleffmann et
al. (2005).

Table 1 presents a comparison of different field studies which quantified a HONO
daytime source and the contribution of HONO to primary OH production. As the lit-
erature values were not normalized to NO,, which would allow for better intercom-
parison, differences in the HONO daytime source seem to be mainly related to NO,
levels. Clearly, values for the rural/semi-rural sites range from 100 to about 600 ppth'1
whereas values from the urban sites are about 2 to 3 times higher (1400-1600 ppt h™! )
Values for the contribution to primary OH formation vary a lot (6-56 %). In the ru-
ral/semirural environments, a substantial contribution (about 20—40 %), was found, with
the exception of the study of Ren et al. (2010) with only 6 %. These authors explained
that the difference might be caused by the low humidity and the low acid precipitation
at Blodgett Forest causing low HONO values. Several field and modelling studies took
place in urban environments (e.g. summarized by Volkamer et al., 2010). Contributions
to OH formation from HONO vary a lot within these data (4-56 %), but not all studies
measured daytime HONO values. Large differences even occur within the same city,
e.g. for Mexico City with 12 % in the MCMA-2003 campaign (Volkamer et al., 2010) and
35 % in the MCMA-2006 campaign (Dusanter et al., 2009).

3.4 Potential contributions to the unknown HONO daytime source

In this section we investigate the contributions of two possible reaction pathways re-
cently investigated in laboratory studies following a light-induced conversion of NO,.
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3.4.1 NO, conversion on irradiated soot

We calculated HONO production rates from the reaction of NO, on irradiated soot sur-
faces by extrapolating the reactive uptake coefficients (y-values) derived in a laboratory
study (Monge et al., 2010) to conditions we measured in the field. These y-values were
normalized to the Brunauer-Emmett-Teller surface (BET-surface) of the soot samples
yielding a mass independent uptake (y-BET). This y-BET for NO, was found to in-
crease with increasing irradiance and with decreasing NO, mixing ratios (Monge et
al., 2010). Therefore, we used an extrapolation to lower NO, values (<« 16 ppb) pro-
vided by B. D’Anna (personal communication, 2010) leading to higher reactive NO,
uptake in our study (median daytime NO, = 0.9 ppb). For simplicity, we took a value of
100 m? g'1 as the BET surface for soot, which is between the values (120-140 m? g'1
from a propane flame) used by Monge et al. (2010) and a value of 97 m? g‘1 published
for freshly emitted (81 m? g‘1 for oxidized) soot (Daly and Horn, 2009). It can be re-
garded 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 further simplification, we used a constant upper limit integrated
(300—420 nm) photon flux of 1.91 x 10'° photons cm~2s™ ' 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 NO, and BC peaks
are actually lower due to lower irradiance values in the morning, and thus lower reac-
tivity. Following Monge et al. (2010), we assumed a HONO production of 60 % of the
reactive NO, uptake. Although we used upper limits for all calculations, the resulting
values for the HONO production by this source (Fig. 6) are mostly (85 %) below 1 % of
Pinknowns With 98 % of the values below 5%. Thus, for conditions encountered during
our campaign (daytime BC,ggian ~300 ng m~2 and NO; edian ~ 0.9 ppb) this reaction
has no noticeable influence on HONO daytime values.
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3.4.2 Electronically excited NO, reacting with water vapour

In order to study the potential contribution of the controversially discussed reaction of
electronically excited NO, with water vapour (Reaction R8), we calculated its contri-
bution to HONO and OH formation using the expression for OH production (= HONO
production) from Crowley and Carl (1997).

Ron = Jex(NO2)[NO2]/(1 + kyir[M1/ kg[H2O1) (4)

Jex(NOy) is the frequency of electronic excitation of NO, beyond the dissociation
threshold (>420nm), and k,; the rate constant for non- reactive quenching with
air. kg is the rate constant for the reactive quenching with H,O, kg croniey = 1.2 %

10 cm® molecules™ s™' according to Crowley and Carl (1997) and Kgri=1.7x

107" cm® molecules ™' s™' according to Li et al. (2008). We estimated Jex(NOy) from
measured j(NO,) by multiplying with a factor of 3.5 (Crowley and Carl, 1997) which is
consistent with solar zenith angles <70° (~60° around noontime).

Referring to kg ; as an upper limit, HONO and OH production rates calculated via
Eq. (4) are in the order of a few ppth‘1, which is less than 10 % for 82 % of our data,
with 58 % of our values <5 % of the unknown HONO source (Fnknown)- USING Kg crowiey:
the values are one order of magnitude lower and thus negligible. These findings are in
line with calculations from Crowley and Carl (1997) and with recent modelling 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
using kg, ;. As we do not expect the value for kg 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 varying kg alone.

3.5 Comparison of OH radical production from ozone and HONO photolysis

OH production rates from ozone photolysis were calculated from ozone, H,O measure-

ments and modelled jO(1D) values which were scaled by the ratio of measured and

modelled j(NO,). OH production from O(1 D) was calculated according to Crowley and
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Carl (1997) using the rate constants for o('D) quenching by O,, N, and O5 and the
reaction with H,O 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):

Pon = J(HONO)[HONO] - k7[NO][OH] - ks[HONO][OH] (5)

Although HONO mixing ratios (mean: 30ppt) are three orders of magnitude lower
than O3 mixing ratios (mean: 35 ppb) around noon and OH production rates by O(1 D)
exceed those of HONO photolysis by about 50 % around noon (11:00—-13:00), the inte-
grated 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 feature of our measurement site are the very high HONO values between
08:00 and 11:00, which can be attributed to advection (see Sects. 3.2 and 3.3). This
leads to high Py values from HONO photolysis during that period.

4 Conclusions

The unknown HONO daytime source derived from our measurements was normalized
by NO, mixing ratios to improve comparability of HONO source strengths in different
environmental and laboratory conditions. For the nighttime formation of HONO, we can
exclude that NO plays an important role as NO was mostly below the detection limit
of about 6 ppt. Inclusion of the parameterized nighttime HONO formation from NO,
(1.5% h™ in this study) as an additional source into the calculations of the unknown
HONO daytime source (P, nown) Yields mainly negative values in the early morning.
This indicates the relevance of loss terms not taken into account (e.g. deposition) or
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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 lifetimes 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 of P,,,own Under these conditions was about 100 ppth™
and thus in the lower range of values reported in the literature. Nevertheless P, nown
was the dominant HONO source during day. The normalized unknown HONO source
(or NO, conversion frequency, if we assume that NO, is the precursor) varied from
slightly negative values in the morning and evening to an upper limit correlated with
J(NO,). High median daytime NO, conversion frequencies of ~14 % h~" were found
around noon, in addition to the 1.5%h~' HONO formation rate observed during night.

Our results indicate light-induced HONO formation through conversion of NO,, which
is about an order of magnitude stronger than HONO formation during nighttime. We
compared the HONO net source to values calculated for light-induced NO, uptake on
soot (Monge et al., 2010) and the reaction of electronically excited NO, with water
vapour. The contribution of these reactions to HONO daytime values was mostly less
than 10 % and cannot explain the HONO source strength derived in our study. Other
processes like light-induced conversion of NO, on irradiated organic materials like hu-
mic acids (Stemmler et al., 2006) might be more important. Additional measurements
including detailed speciation of organic aerosols and determination of humic acids on
ground and canopy surfaces are needed to quantify their contribution. 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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Table 1. Intercomparison of values of the HONO daytime source from rural and urban sites, as
well as the contribution of HONO photolysis to primary OH formation. * Conversion at 900 hPa
because the station Hohenpeissenberg is located ~1000 ma.s.l.; ** only L ppoi — Pyo+oH-

location/region measured PSS daytime source primary OH reference
ppth’ production in
%

Hohenpeissenberg/ HONO (denuder), OH all quantities *2-4x10° 42 Acker et al. (2006)
rural (CIMS), j(HONO) (spectro- measured molecules cm™®

roadiometer), NO s'=>

(chemiluminiscence) ~300-650
Jilich Forest HONO (LOPAP), OH (LIF), all quantities ~500 33 (around Kleffmann et al.
(ECHO)/semi rural  j(HONO) (spectroradiome- measured noon) (2005)

ter), NO

(chemiluminescence)
Pinnacle State HONO (HPLC-Scrub), OH calcu- ~ 220 (40 ppt 24 Zhou et al. (2002)
Park/rural NO (chemiluminescence), lated, j(HONO) h~' NO+OH)

Jj(HONO) (Epply TUVR) calc from UV => 180 net

measurements

New York HONO (HPLC-Scrub), j(HONO) ** about 107 56 (day Ren et al. (2003)
PMTACS-NY 2001 OH (LIF), NO calculated molecules cm™  and night
Summer/ (chemiluminescence) s'=> ~ 1400 average)
megacity J(HONO) (UV-MFRSR)
PMTACS-NY 2004 HONO (HPLC-Scrub), OH j(HONO) - 48 (day Ren et al. (2006)
Winter/megacity (LIF), NO (chemilumines- calculated and night

cence) average)
Santiago Chile/ HONO (LOPAP), NO (chemi- OH modelled 1700 mean 55 Elshorbany et al.
urban luminescence), jJ(HONO) (2009)

(filterradiometer j(NO,))
Blodgett Forest/ HONO (LOPAP custom NO and (1590 d‘1) 6 (day and Ren et al. (2010)
rural built), OH (LIF) Jj(HONO) calcu- night

lated average)

“El Arenosillo”/ HONO (LOPAP), NO (chemi- all quantities 105 + 39 noon- 20 % more This study
rural luminescence), OH (LIF), measured time max ~ 500 than O('D)

J(HONO) (filteradiometer
J(NOy))

in plumes
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Fig. 1. Overview of meteorological (RH, wind speed and wind direction) and chemical quantities
(O3, NO, NO,, HONO, HONOpgq (calculated), HONO/NO, ratio and j(HONO)).
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Fig. 2. Daytime cycles of (a) measured HONO mixing ratios, HONO,,.. (b) calculated HONO
mixing according to Eq. (1), HONOpgg (€) NO, and (d) NO mixing ratios as well as (e)
HONO/NO, ratios 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.

15150

T

Jadeq uoissnasiq | Jaded uoissnosiq

40


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/15119/2011/acpd-11-15119-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/15119/2011/acpd-11-15119-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

5e+6 -

4e+6 -

3e+6

2e+6

1e+6 -

production (loss) rate [molecules cm™ s™]

o

B |AHONO/AY]

7 ittt P

% E Po.on

/ N Lggp
= L o001
| Lphot

V 77 I:>unknown

% // &
A BB B B R __ Yy
R LR 0 7
7))
7 7
06:00 08:00 10:00 12:00 14:00 16:00
time of day (UTC)

Fig. 3. Contributions of source and sink terms (hourly means 21 November to 5 December) as

well as the unknown daytime HONO source P, nown from Eq. (3).
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(a) contains only data points (N = 753) which could be normalized to NO,.

Points where

AHONO/At was larger than the relative error of the LOPAP (£12 %) are marked as filled red

points.
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Fig. 5. Diurnal cycle (only daytime) of the unknown HONO source (£, nown), NOrmalized by NO,
mixing ratios from 7 cloud-free days (same as Fig. 2). To reflect more stationary conditions,
only values where AHONO/At was lower than the relative error of the LOPAP were included
in this graph. The upper ends of the bars reflect 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 of j(NO,) for
these days, respectively.
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Fig. 6. Comparison of different HONO daytime source strengths (blue: NO, + soot + hv (Monge
etal.,, 2010); red: NO,* + H,0, Li et al., 2008) with the unknown HONO daytime source (black).
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