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Abstract. Vertical mixing ratio profiles of nitrous acid

(HONO) were measured in a clearing and on the forest floor

in a rural forest environment. For the forest floor, HONO

was found to predominantly deposit, whereas for the clear-

ing, net deposition dominated only during nighttime and net

emissions were observed during daytime. For selected days,

net fluxes of HONO were calculated from the measured pro-

files using the aerodynamic gradient method. The emission

fluxes were in the range of 0.02 to 0.07 nmol m−2 s−1 and

thus were in the lower range of previous observations. These

fluxes were compared to the strengths of postulated HONO

sources. Laboratory measurements of different soil samples

from both sites revealed an upper limit for soil biogenic

HONO emission fluxes of 0.025 nmol m−2 s−1. HONO for-

mation by light-induced NO2 conversion was calculated to

be below 0.03 nmol m−2 s−1 for the investigated days, which

is comparable to the potential soil fluxes. Due to light sat-

uration at low irradiance, this reaction pathway was largely

found to be independent of light intensity, i.e. it was only

dependent on ambient NO2.

We used three different approaches based on measured

leaf nitrate loadings for calculating HONO formation from

HNO3 photolysis. While the first two approaches based on

empirical HONO formation rates yielded values in the same

order of magnitude as the estimated fluxes, the third approach

based on available kinetic data of the postulated pathway

failed to produce noticeable amounts of HONO. Estimates

based on reported cross sections of adsorbed HNO3 indicate

that the lifetime of adsorbed HNO3 was only about 15 min,

which would imply a substantial renoxification. Although the

photolysis of HNO3 was significantly enhanced at the sur-

face, the subsequent light-induced conversion of the photol-

ysis product NO2 did not produce considerable amounts of

HONO. Consequently, this reaction might occur via an alter-

native mechanism.

By explicitly calculating HONO formation based on avail-

able kinetic data and simple parameterizations, we showed

that (a) for low NOx the light-induced conversion of NO2 on

humic acids is already light saturated by the early morning,

(b) HONO formation from photolysis of adsorbed HNO3 ap-

pears to proceed via an alternative mechanism and (c) es-

timates of HONO emissions from soil are very sensitive

to mass transfer and acidic soils do not necessarily favour

HONO emissions.

1 Introduction

Gaseous nitrous acid (HONO) may contribute up to ∼ 80 %

to the primary formation of hydroxyl radicals (OH), which

play a key role in the degradation of most air pollutants

(Kleffmann et al., 2005, Kleffmann, 2007; Volkamer et al.,

2010). The source of OH radicals is the photolysis of HONO

(Reaction R1):

HONO+ hν(< 400nm)→ NO+OH (R1)

Published by Copernicus Publications on behalf of the European Geosciences Union.



9238 M. Sörgel et al.: A comparison of measured HONO uptake and release

NO+OH+M→ HONO+M (R2)

HONO+OH→ NO2+H2O (R3)

The back Reaction (R2) consumes OH and regenerates

HONO. Reaction (R3) is typically a minor loss term for

HONO (e.g. Su et al., 2008; Sörgel et al., 2011a; Oswald et

al., 2015) and OH due to the low concentrations of both re-

action partners. Solely considering Reactions (R1) to (R3),

HONO is an OH radical reservoir as discussed for urban

plumes (Lee et al., 2013). If Reactions (R1) to (R3) are in

equilibrium, a photo stationary state (PSS) is established (e.g.

Cox, 1974; Kleffmann et al., 2005). In the case an additional

efficient HONO loss term exists (e.g. deposition) (Harrison

et al., 1996; Wong et al., 2011; VandenBoer et al., 2013),

HONO formation is a sink for OH radicals. For instance

it was shown that plants (Schimang et al., 2006) and soils

(Donaldson et al., 2014a) efficiently take up HONO. How-

ever, if additional sources of HONO exist that exceed the loss

terms, HONO is a source for OH radicals.

A well-known source of HONO is the heterogeneous dis-

proportionation of NO2, forming HONO and HNO3:

2NO2+H2O→ HONO+HNO3 (R4)

Although Reaction (R4) is well-known, its mechanism is still

unclear. A potential mechanism involving the dimer of NO2

was proposed by Finlayson-Pitts and colleagues (Finlayson-

Pitts et al., 2003), and has been further analysed using the-

oretical approaches (Miller et al., 2009; De Jesus Medeiros

and Pimentel, 2011). This reaction was found to be too slow

to explain daytime HONO mixing ratios well above the PSS

(e.g. Kleffmann et al., 2005; Sörgel et al., 2011a; Wong et

al., 2013). However, it is linked to the nighttime accumu-

lation of HONO, which triggers early morning photochem-

istry (Alicke et al., 2003). Other light-independent mecha-

nisms for NO2 conversion to HONO, such as the reduction

by organics (Gutzwiller et al., 2002) and chemisorption on

mineral surfaces (Gustafsson et al., 2008), were also pro-

posed. These reactions have not yet been quantified under

field conditions and concerns exist whether or not chemisorp-

tion would take place under ambient conditions (Finnlayson-

Pitts, 2009). Furthermore, NO2 reduction on soot was found

to be quickly deactivated (Kleffmann et al., 1999; Arens et

al., 2001; Aubin and Abbatt, 2007).

As the observed HONO mixing ratios almost always ex-

ceed those calculated from the PSS assumption (summarized

by Kleffmann, 2007, and Volkamer et al., 2010), numerous

attempts to identify HONO sources driven by light or by tem-

perature that can overcome the loss by photolysis were made.

Recently, it was found that the heterogeneous disproportion-

ation (R4) can be catalysed by anions that are formed dur-

ing photooxidation in the atmosphere (Yabushita et al., 2009;

Colussi et al., 2013). Light enhancement of Reaction (R4)

has also been attributed to HNO3 photolysis (Ramazan et al.,

2004), and photolysis of adsorbed HNO3 on natural surfaces

was proposed as an important HONO source in the atmo-

sphere (Zhou et al., 2002, 2003, 2011).

In contrast to HONO formation observed on natural sur-

faces (Zhou et al., 2003, 2011), HONO has not been de-

tected as a primary reaction product of HNO3 photolysis

in laboratory studies up to now (Zhu et al., 2010, Schuttle-

field et al., 2008, Rubasinghege and Grassian, 2009; Abida

et al., 2012). Most studies (Zhu et al., 2010, Schuttlefield

et al., 2008, Abida et al., 2012) report NO and NO2 as the

main products of this reaction (Rubasinghege and Grassian,

2009). The formation of NO2 and NO2* is also proposed

as an alternative mechanism, which involves photolysis of

complexes of either HNO3 or NO−3 and NO2 or N2O4, re-

spectively (Kamboures et al., 2008). Recent studies applying

a novel laser-based technique (Zhu et al., 2010, Abida et al.,

2012) identified excited NO2* as the main photolysis product

of adsorbed HNO3 and, furthermore, confirmed an enhanced

absorption cross section of adsorbed HNO3 compared to gas-

phase HNO3. Potentially, NO2* reacting with water vapour

can produce HONO, but this reaction does not result in sig-

nificant amounts of HONO under atmospheric conditions

(Crowley and Carl, 1997; Sörgel et al., 2011a; Amedro et

al., 2011). Hence, Zhou et al. (2011) suggested that NO2

formed during HNO3 photolysis further reacts via the mech-

anism proposed by Stemmler and colleagues (Stemmler et

al., 2006, 2007), where solid organic material such as hu-

mic acid (HA) acts as a photosensitizer and reduces NO2

(George et al., 2005). Photosensitized reactions may be a

promising pathway for explaining daytime HONO formation

as hypothesized from correlations of the unknown HONO

source with the photolysis frequency of NO2, j (NO2), or

irradiance (e.g. Su et al., 2008; Sörgel et al., 2011a; Wong

et al., 2012). The photolysis of o-nitrophenols was also pro-

posed as a HONO source (Bejan et al., 2006) that however

has not yet been quantified in field measurements. As it de-

pends on the amount of nitrophenols in air, this source is ex-

pected to be more important for polluted urban conditions

(Bejan et al., 2006).

A process directly driven by temperature could be the

volatilization of HONO from soil nitrite (Kubota and Asami,

1985; Su et al., 2011). The temperature dependence of this

process has been attributed to the temperature dependence of

the Henry’s law equilibrium between soil–solution and soil–

air interfaces (Su et al., 2011). Additionally, it was suggested

that HONO emissions are driven by ammonia-oxidizing bac-

teria in soil, whose activity also depends on temperature

(Oswald et al., 2013). Nitrogen availability for microorgan-

isms was found as a limiting factor for HONO emissions

from natural soils (Maljanen et al., 2013). HONO deposition

during night and re-emission that is driven by acid displace-

ment (VandenBoer et al., 2015) during daytime has been pro-

posed to explain the missing daytime source (VandenBoer et
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al., 2013). The physicochemical interactions with soil par-

ticles have been analysed in more detail by Donaldson et

al. (2014a, b).

Regardless of the mechanism, the ground surface has been

proposed as a major source of HONO (e.g. Febo et al.,

1996; Stutz et al., 2002; Zhang et al., 2009; Sörgel et al.,

2011b; Wong et al., 2012, 2013; VandenBoer et al., 2013), al-

though there is a potential contribution from other heteroge-

neous sources within the boundary layer (Zhang et al., 2009;

Wong et al., 2013). Flux measurements of HONO (Zhou et

al., 2011; Ren et al., 2011) reported strong daytime upward

fluxes, thus confirming a ground source. In contrast, a recent

study (Li et al., 2014) based on concentration measurements

of HONO in the residual layer and the mixed layer proposed

that an internal recycling mechanism (reaction between NOx
and HOx) is mainly responsible for HONO formation.

In this study, we present vertical mixing ratio profiles of

HONO measured close to the ground surface (< 2 m) in a

clearing and on the forest floor in a heterogeneous forest

landscape in order to identify sources and sinks of HONO

in natural environments. Under favourable conditions, our

setup can be used to derive estimates of the surface fluxes

of HONO by the aerodynamic gradient method. These fluxes

are compared to best estimates of HONO source strengths of

three proposed mechanisms derived from measured quanti-

ties: (a) soil HONO emissions, (b) photosensitized NO2 con-

version, and (c) HNO3 photolysis.

2 Experimental

Vertical mixing ratio profiles of HONO, nitrogen oxides

(NOx), and ozone were measured in a clearing and on

the forest floor at the Waldstein ecosystem research site in

the Fichtel Mountains, NE Bavaria (Germany) in 2011 and

2012 as part of the Exchange processes in mountainous re-

gions (EGER) research project (Foken et al., 2012). The

profile measurements were made in June–July 2011 (inten-

sive observation period IOP-3) in the Köhlerloh clearing

(50◦08′22.3′′ N, 11◦52′01.5′′ E), and in August–September

2012 (IOP-4) on the forest floor about 290 m north of

the clearing site close to the main tower (50◦08′31.2′′ N,

11◦52′00.8′′ E; 775 m a.s.l.) of the Weidenbrunnen site. Me-

teorological variables for the comparison of both campaigns

were taken from the Pflanzgarten site, which is 280 m north-

west of the main tower and 490 m north–north-west of the

clearing site. An aerial view of the different sites can be

found in the Supplement (Fig. S1).

HONO was measured using a commercially available long

path absorption photometer (LOPAP, QUMA, Wuppertal,

Germany) with a time resolution of 3 min. A detailed descrip-

tion of the instrument is provided by Heland et al. (2001)

and Kleffmann et al. (2002). The instrument was placed on

a scaffold in a ventilated aluminium box as described by

Sörgel et al. (2011b). The limit of detection (3σ of zero

air noise) ranged from 1 to 7 ppt. NO and NO2 were mea-

sured by chemiluminescence (Model 42i-TL Thermo Scien-

tific, Franklin, MA, USA) using a specific photolytic con-

verter for NO2 (Droplet Measurement Technologies, Boul-

der, CO, USA). The limit of detection was 50 ppt for NO and

about 140 ppt for NO2. Trace gas profiles of HONO, NO, and

NO2 were obtained by moving the external sampling unit of

the LOPAP and an inlet line for NOx to five (0.1, 0.2, 0.4,

0.8 and 1.6 m) or three (0.1, 0.4 and 1.6 m) different heights

using an automated lift system (Fig. S2). The dwell time at

each height was 6 and 7 min in IOP-3 and 9 min (IOP-4),

which allowed sufficient sampling periods with respect to

the time resolution of the LOPAP (1–2 data points). All data

of the lift system (NOx , HONO, temperature and lift posi-

tion) were recorded every 20 s. Additionally, eddy covariance

measurements were made during IOP-3 with a CSAT3 sonic

anemometer (Campbell Scientific, Logan, UT, USA) located

at a height of 2.25 m on a mast about 20 m north-west of

the profile measurements. During IOP-4, a sonic anemome-

ter (Model 81000, R. M. Young, Traverse City, MI, USA)

was located about 2 m east of the profile measurements at a

height of 2 m. The friction velocity (u∗) was calculated with

TK3 software (Mauder and Foken, 2011). Air temperature

was measured by radiation shielded and ventilated Pt-100

sensors with a resolution of 0.1 K at 1.4 m (1.6 m in IOP-4)

and 0.1 m above ground level. Soil temperature was moni-

tored with a Pt-100 sensor at a depth of 2 cm.

At the Pflanzgarten site, air temperature and relative hu-

midity (RH) were measured with HMP45 sensors (Vaisala,

Helsinki, Finland) at a height of 2 m, precipitation was mea-

sured with an OMC-212 rain gauge (Observator Instruments,

Ridderkerk, the Netherlands), and solar global irradiance was

measured on the roof of the measurement container with

a CM5 pyranometer (Kipp and Zonen, Delft, the Nether-

lands). HONO photolysis frequency, j (HONO), was calcu-

lated from global radiation according to Trebs et al. (2009).

Spectral irradiance and photolysis frequencies were calcu-

lated using the Tropospheric Ultraviolet and Visible (TUV)

radiation model (Madronich and Flocke, 1998) version 5.0.

Additional information about methods and instruments can

be found in the Supplement.

3 Results and discussion

3.1 Meteorological conditions and comparison of sites

As shown in Fig. 1, the range of air temperature at the

Pflanzgarten site was comparable for both campaigns and

ranged between about 5 and 27 ◦C. The maximum temper-

atures were 27.3 ◦C for IOP-3 and 25.8 ◦C for IOP-4, respec-

tively. The minimum temperature of the June–July period

(IOP-3) was lower (5.5 ◦C) than during IOP-4 in Septem-

ber (6.0 ◦C). Mean values (and standard deviations) were

14.7± 5.1 ◦C for IOP-3 and 14.2± 4.4 ◦C for IOP-4. Ac-
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Figure 1. Temperature (red), relative humidity (RH, black) and pre-

cipitation (blue) averaged for a 10 min interval are shown in pan-

els (a) for 25 June to 15 July 2011 (IOP-3), and (b) for 1 Septem-

ber 2012 to 11 September 2012 (IOP-4). Periods when HONO

vertical profiles were measured are indicated by grey bars at the

top of the graphs. Panels (c) and (d) show solar global irradiance

(black) and j (HONO) in dark yellow, calculated according to Trebs

et al. (2009), for the respective campaigns. Additionally,j (HONO)

at the forest floor (orange) was calculated by applying a factor of 10

taking into account attenuation by the canopy (Sörgel et al., 2011b).

All data were taken from the Pflanzgarten site.

cordingly, RH values cover similar ranges from about 30

to 100 % with somewhat higher values in the summer cam-

paign due to frequent rain events (i.e. an average precipi-

tation of 1.8 mm d−1 in IOP-3 and 0.3 mm d−1 in IOP-4).

The long-term monthly means (1971–2000) at this site are

3.6 mm d−1 for June, 4.1 mm d−1 in July and 2.8 mm d−1 in

September (Foken, 2003). Consequently, both periods exhib-

ited less precipitation than the long-term average, although

frequent but light rain events occurred during IOP-3, whereas

in September (IOP-4) precipitation events were rare. Maxi-

mal RH values are slightly different for the two IOPs and

range from 95 to ∼ 100 %. The values greater than 100 %

have to be viewed with caution as the sensor accuracy in

the range from 90 % RH to 100 % RH is ±3 % and the sen-

sor is not able to measure accurately if water is condensing

at high humidity. Global radiation, and thus j (HONO), was

higher in June–July 2011 than in September 2012. Corre-

spondingly, the calculated j (HONO) values show maxima

of 2× 10−3 s−1 in 2011 and 1.8× 10−3 s−1 in 2012. The ra-

diation and photolysis frequencies at the forest floor are a

factor of 10 to 40 lower than above the canopy depending on

the time of day and canopy structure (Sörgel et al., 2011b).

J (HONO) values calculated by applying a factor of 10 are

shown in Fig. 1d. Since weather conditions were comparable,

major differences between the two campaigns are expected to

be due to (a) availability of radiation, (b) turbulent exchange

and (c) ground cover. Radiation and turbulent exchange are

reduced at the forest site below the canopy compared to the

open clearing. The ground cover at the clearing was dom-

inated by grass and blueberry plants, while the forest floor

was mainly covered by moss.

3.2 HONO mixing ratio differences and estimated net

fluxes

NO mixing ratios at the 1.6 m level were generally low, espe-

cially during nighttime. Average mixing ratios were 0.2 ppb

during the first period in 2011 (Fig. 2a), 0.1 ppb during

the second period in 2011 (Fig. 2b), and 0.05 ppb in 2012

(Fig. 3a). Due to the well-known soil NO emissions (e.g.

Ludwig et al., 2001; Bargsten et al., 2010) caused by micro-

biological activity, NO mixing ratios were higher at 0.1 m.

The average mixing ratios close to the ground (Figs. S3 to

S5) at 0.1 m were 0.75 ppb during the first period, 0.5 ppb

during the second period in 2011, and 0.1 ppb in 2012. Aver-

age NO2 mixing ratios at the upper level were 1.7 ppb (min.

0.3 ppb and max. 3 ppb) during the first period, 1.1 ppb (min.

0.2 ppb and max. 2.4 ppb) during the second period in 2011,

and 1.6 ppb (min. 0.2 ppb and max. 4.8 ppb) in 2012. Aver-

age HONO mixing ratios at the 1.6 m level were 94 ppt (min.

12 ppt and max. 308 ppt) during the first period, 80 ppt (min.

30 ppt and max. 316 ppt) during the second period in 2011,

and 90 ppt (min. 26 ppt and max. 257 ppt) in 2012.

Since vertical mixing ratio differences are the result of the

competition between sources and sinks as well as of trans-

port dynamics, Figs. 2 and 3 additionally show vertical tem-

perature differences and the friction velocity u∗. Temperature

differences reflect atmospheric stability and u∗ is a measure

of the intensity of turbulent exchange. A typical diurnal cy-

cle caused by radiative heating and cooling of the surface

was observed at the clearing, with stable conditions (positive

temperature differences) during the night and unstable con-

ditions during the day. The temperature differences between

0.1 and 1.4 m above the ground were up to 6 K during the

night and up to −4 K during the day. During stable condi-

tions, u∗ dropped and mixing ratio differences increased due

to suppressed transport. In the clearing, very stable and calm

conditions caused large HONO and NO (not shown) mixing

Atmos. Chem. Phys., 15, 9237–9251, 2015 www.atmos-chem-phys.net/15/9237/2015/
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Figure 2. HONO (blue), NO (black) and NO2 (grey) mixing ratios measured at the clearing at 1.6 m averaged for each height interval (i.e.

omitting the first data points according to the time resolution of the instruments) from panels (a) 27 June to 30 June 2011 (NOx : 3.5 min mean;

HONO: 3 min mean), and (b) 11 July to 13 July 2011(NOx : 4 min mean; HONO: 3 min mean). Missing NO values are below the limit of

detection (LOD2σ = 50 ppt). Vertical temperature differences (red triangles and line) and HONO mixing ratio differences (blue dots and line)

for each cycle (∼ 30 min) are shown in panels (c) and (d) as well as the friction velocity (30 min mean) in grey shading. Differences of mean

HONO values measured at 1.6 and 0.1 m are presented and error bars denote combined standard deviations. For temperature, differences

between 1.4 and 0.1 m are shown.

ratio differences during sunset. Below the canopy at the for-

est site, diurnal cycles of stability are typically opposite to

those observed at the clearing (Foken, 2008). However, the

observed temperature differences do not feature a clear di-

urnal pattern and differences are generally an order of mag-

nitude lower than at the clearing. This can be explained by

the reduced heating of the forest floor and the reduced ra-

diative cooling due to the shading of the canopy. As wind

speed is reduced by the canopy as well, the friction velocity

is on average a factor of 3–4 lower. Maximal values of u∗
were 0.46 m s−1 in the clearing and 0.16 m s−1 on the forest

floor, respectively. HONO differences in the clearing (1.6 to

0.1 m) shown in Fig. 2c and d feature distinct diurnal cycles

with positive gradients at night indicating net deposition and

negative gradients during day indicating net emission. On the

forest floor, HONO differences were either positive or close

to zero, i.e. net emission was not observed (Fig. 3b).

We calculated net HONO fluxes from selected profiles us-

ing the aerodynamic gradient technique (Wolff et al., 2010).

Despite the fact that u∗ was measured at 2.25 m on a separate

tower about 20 m from the profile measurements at the clear-

ing, the measurements were influenced by the same ground

cover (dimensions of clearing ∼ 300× 400 m). At the for-

est floor both measurements were collocated (∼ 2 m distance

and u∗ measured in 2 m height). Mixing ratio differences

were considered to be representative for the air layer between

1.6 and 0.1 m at the forest floor, but at the clearing, differ-

ences between 1.6 m and 0.4 were were used (for flux cal-

culations), as 0.1 m was below the zero-plane displacement

height (d).

The calculated daytime net emission fluxes of HONO at

the clearing were in the range of 0.01 to 0.07 nmol m−2 s−1

(mean 0.04± 0.02 nmol m−2 s−1; N = 17). This is about a

factor of 3 lower than fluxes reported for another rural

forested site (Zhou et al., 2011; Zhang et al., 2012) and about

an order of magnitude lower than for semi-rural and urban

sites (Harrison and Kitto, 1994; Harrison et al., 1996; Ren

et al., 2011). However, these fluxes are higher than the val-

ues observed at Blodgett Forest (Ren et al., 2011). The mean

HONO net emission flux estimate of 0.04 nmol m−2 s−1 with

a corresponding mixing ratio of 65 ppt at 1.6 m at the clearing

compares reasonably well with the somewhat lower fluxes

at Blodgett Forest (flux < 0.01 nmol m−2 s−1; 20–30 ppt) and

with the somewhat higher fluxes at the Program for Re-

search on Oxidants: PHotochemistry, Emissions, and Trans-

port (PROPHET) site (mean flux 0.19 nmol m−2 s−1; 70 ppt).

The low fluxes at Blodgett Forest have been attributed to

the alkalinity of the soil, which, according to acid–base and

www.atmos-chem-phys.net/15/9237/2015/ Atmos. Chem. Phys., 15, 9237–9251, 2015
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Figure 3. HONO (blue), NO (black) and NO2 (grey) mixing ratios measured at the forest floor at 1.6 m averaged for each height interval (i.e.

omitting the first data points according to the time resolution of the instruments) from 3 to 9 September 2012 (NOx : 7 min mean; HONO:

6 min mean) are shown in panel (a). Missing NO values are below the limit of detection (LOD2σ = 50 ppt). Vertical temperature differences

(red line) and HONO mixing ratio differences (blue dots and line) for each cycle (∼ 30 min) are shown in panel (b) as well as the friction

velocity (30 min mean) in grey shading. Differences of mean HONO values measured at 1.6 and 0.1 m are presented and error bars denote

combined standard deviations. For temperature, differences between 1.6 and 0.1 m are shown.

Henry’s law equilibrium (Su et al., 2011), should enhance

HONO uptake or hinder its release. The calculated fluxes

indicate the existence of a daytime ground source, whose

strength is of a comparable order of magnitude to that found

in other studies in rural forested areas. Nighttime net de-

position fluxes (0.006± 0.003 nmol m−2 s−1; N = 12) were

about a factor of 7 lower than daytime net emission fluxes at

the clearing (see Sect. 3.3.1).

At the forest floor, only net deposition was observed with

fluxes varying between zero and about 0.012 nmol m−2 s−1

(mean: 0.004± 0.003; N = 52) for the selected days (4–

7 September 2012). Hence, net deposition fluxes at the for-

est floor were comparable to nighttime net deposition at

the clearing. Assuming that daytime deposition fluxes at the

clearing are within the same range, emission fluxes at the

clearing are at least about 15 % higher than the net fluxes. If

considerable stomatal uptake of HONO occurs, as proposed

by Schimang et al. (2006), the daytime deposition will be

much higher than during nighttime due to stomatal aperture.

Hence, to sustain the observed net emission fluxes, HONO

emissions from the ground need to be even higher.

It should be noted that the derived fluxes should be consid-

ered as rough estimates for several reasons. The profiles were

measured sequentially and not simultaneously at the differ-

ent heights. Hence, only profiles under stationary conditions

were evaluated, i.e. when mixing ratio changes between two

profile cycles were small at each measurement height. This

was mainly the case from 22:00 to 04:00 CET during night

and from 11:00 to 15:00 during day. Furthermore, the mix-

ing ratio differences during daytime were rather small (5 to

26 ppt; mean 14 ppt). The differences were 1.3 to 8.5 times

the standard deviation of the mean values at one height and

larger than the combined errors (sum of standard deviations

of both heights). Differences that were smaller than the com-

bined standard deviation were omitted for the flux calcula-

tions. Besides the uncertainty in the mixing ratio differences,

the estimate of the zero-plane displacement height d has con-

siderable influence on the fluxes. We used d = 0.7 times the

canopy height (Foken, 2008) with a canopy height of 0.25 m

of the surrounding blueberry canopy (E. Falge, 2014, per-

sonal communication) at the clearing. As roughness elements

(like deadwood, blueberry plants, small spruce and grass)

were distributed very inhomogeneously, it is unclear if the

applied displacement height is appropriate and would hold

for all wind directions. If the chosen canopy height was in-

stead 0.4 m, the fluxes would decrease by about 20 %. Com-

pared to the errors of the mixing ratio differences and of

the displacement height, the error in u∗ is expected to be

negligible. At the forest floor we measured at a flat sur-

face covered with moss that has a comparably low roughness
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(d = 0.007 m), thus the fluxes are less sensitive to small dif-

ferences in d .

3.3 HONO sinks

3.3.1 Deposition

Except for the uptake of HONO by aerosol surfaces, no con-

siderable gas-phase HONO sinks exist in the absence of light.

This implies that dry and wet deposition are the most impor-

tant loss pathways in the dark.

Net deposition means that although HONO formation by

either heterogeneous disproportionation of NO2 or direct soil

emission may take place, net deposition is observed because

the production of HONO is smaller than the loss by depo-

sition. For our study, soil emissions can be neglected (see

Sect. 3.4.1). Calculated nighttime deposition velocities of

0.08 to 0.5 cm s−1 (mean 0.24± 0.13) at the clearing were in

the lower range of reported values at 0.08 to 6 cm s−1 (Harri-

son and Kitto, 1994; Harrison et al., 1996; Stutz et al., 2002).

At the forest floor, deposition was the dominating pro-

cess both day and night. The vertical profiles (Fig. 3b)

do not provide evidence that HONO emission from the

ground surface takes place because the differences are ei-

ther positive or ambiguous within the uncertainty range. The

HONO deposition velocities ranged from 0.03 to 0.4 (mean

0.16± 0.08 cm s−1), which is in the lower range of previ-

ously reported values (e.g. Harrison et al., 1996, Stutz et al.,

2002) and a factor of 1.5 lower than at the clearing. To our

knowledge, measured HONO fluxes at forest floors have not

been reported up to now.

In a modelling study, Wong et al. (2011) pointed out that

nighttime deposition is an important part of HONO cycling,

which was recently confirmed by vertical profile measure-

ments (VandenBoer et al., 2013). VandenBoer et al. (2013)

proposed that the deposited HONO might form a reservoir

that is re-emitted during the day and can thus explain a sig-

nificant fraction of the missing daytime source. For the for-

est floor, we can exclude the possibility that this pathway is

a general source of HONO because no emissions were ob-

served. This is in line with laboratory studies, which showed

that HONO can be taken up by plants (Schimang et al., 2006)

and soil (Donaldson et al., 2014a). Due to the limited avail-

able data, we cannot exclude the possibility that re-emission

may occasionally take place. However, we showed that net

deposition (even if it is small) persists during the day at the

forest floor during our measurement period. Thus, sources

and sinks coexist over small spatial scales, which has to be

taken into account for measurements at elevated levels that

integrate over larger areas (horizontal heterogeneity), as well

as for measurements above the canopy (vertical heterogene-

ity).

3.3.2 Photolysis

Photolysis has been identified as the dominating HONO loss

process during the day (e.g. Kleffmann, 2007; Su et al., 2008;

Sörgel et al., 2011a; Wong et al., 2013; VandenBoer et al.,

2013; Oswald et al., 2015). We calculated the HONO loss

rates from photolysis frequencies and HONO mixing ratios

within a boundary layer height of 1000 m in two different

ways: (a) the measured HONO mixing ratio at 1.6 m was

used for the entire volume or (b) we assumed a linear HONO

profile throughout the boundary layer to account for elevated

HONO levels close to the ground as observed by Zhang et

al. (2009) and VandenBoer et al. (2013). The artificial linear

HONO profile was created using the measurements at 1.6 m

and a background level (free troposphere) of 10 ppt (Zhang

et al., 2009). The geometric mean of these values was used to

calculate the HONO loss within the boundary layer volume.

Using these two simplified approaches yields loss rates of

(a) 0.2–1 ppb h−1 and (b) 0.08–0.5 ppb h−1. These values are

within the range of values reported for the unknown HONO

source (e.g. Kleffmann, 2007). This is not surprising because

the photolytic loss and the unknown source were found to be

the dominant terms of the HONO budget for low NOx lev-

els (e.g. Sörgel et al., 2011a; Oswald et al., 2015), i.e. in the

absence of other sources and sinks the photolytic loss equals

the unknown source. Integrating the photolytic loss term over

a boundary layer height of 1000 m and converting it into a

surface flux yields mean fluxes of (a) 4.6 nmol m−2 s−1 and

(b) 2 nmol m−2 s−1 respectively, which is a factor 100 and

40 higher than the mean emission flux derived from the mea-

surements at the clearing (see Sect. 3.2). Consequently, the

contribution of the surface emissions to the HONO source

would be in the order of a few percent. This is in agreement

with a proposed internal volume source (Li et al., 2014) and

estimates of ground source contributions of about 20 % de-

rived from measured boundary layer profiles (Zhang et al.,

2009; Li et al., 2014). Close to the ground (lowest 35 m), a

contribution of more than 60 % was found in modelling stud-

ies (Czader et al., 2012; Wong et al., 2013). As these studies

were conducted in the urban area of Houston (Texas, USA),

which is characterized by higher direct HONO emissions

and higher levels of NOx compared to our site, the relative

contribution of the ground source in the lowest 35 m might

be higher for our site. Nevertheless, the contribution was

reduced to about 50 % by integrating the lowermost 300 m

(Wong et al., 2013) and, therefore, integrating over a bound-

ary layer height of 1000 m will further reduce this contribu-

tion. As none of the other boundary layer profile measure-

ments have been analysed with a chemistry-transport model

up to now, it remains unclear if the differences in HONO

budgets (ground versus gas phase) are real or are caused by

the different assumptions and simplifications in the different

approaches.
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3.4 HONO ground sources

The existence of a HONO ground source was confirmed by

profile (e.g. Zhang et al., 2009; VandenBoer et al., 2013) and

flux measurements (Zhou et al., 2011; Ren et al., 2011). In

the following we compare the measured ground source to es-

timates for three different proposed formation mechanisms

based on measured quantities.

3.4.1 Soil emissions

For both the forest and the clearing site, a set of soil sam-

ples was collected from two different ground cover types

(blueberry and moss within the forest and blueberry and

grass in the clearing) and potential HONO emission fluxes

were measured using a dynamic chamber in the laboratory

(for details see the Supplement). HONO fluxes were mostly

within the calculated uncertainty range (Fig. S6). The sam-

ple taken directly below the lift system at the clearing (sam-

ple 4, Fig. S6) was the only sample for which potential

emissions were observed. From those measurements we de-

rive an upper limit for the HONO soil emission flux of

0.025± 0.015 nmol m−2 s−1. This flux also represents an up-

per limit with regard to the experimental conditions as the

chamber was flushed with zero air and the samples were

measured at 25 ◦C. During the field measurements, the soil

temperature at 2 cm depth did not exceed 20 ◦C at the clear-

ing. Comparison of the maximal fluxes measured in the

laboratory (0.025 nmol m−2 s−1) with maximal fluxes calcu-

lated from soil nitrite (0.35–0.99 mg kg−1 in terms of N) and

pH (3.0–3.4) values (F (HONOmax)= 1810 nmol m−2 s−1)

according to Su et al. (2011) reveals that the measured

fluxes are at least 4 orders of magnitude lower. For the

calculations we used a gravimetric soil water content of

ϑsoil = 0.2 kg kg−1 and a transfer velocity (vtr) of 1 cm s−1

(Su et al., 2011), and measured pH and nitrite values (see Ta-

ble S1). The discrepancy between our measurements and the

calculations according to Su et al. (2011) decreases to about

a factor of 50 when vtr is determined for our measurement

setup instead of using a fixed value of 1 cm s−1. The trans-

fer velocity vtr was determined by calculating the soil resis-

tance according to Moldrup et al. (2000) from measured soil

properties for the Waldstein site (Bargsten et al., 2010) and

using the aerodynamic resistance (Raero = 90 s m−1) from a

chamber system of similar design and dimensions (Pape et

al., 2009). This comparison emphasizes the importance of

explicitly considering mass transfer between the soil and at-

mosphere. Additionally, based on soil nitrite (∼ 1 µg g−1 N)

and pH (∼ 3) values at our site, one would expect rather high

HONO emissions according to the acid–base and Henry’s

law equilibrium. Hence, it seems more likely that microbes

are directly involved in the HONO formation as proposed by

Oswald et al. (2013), but microbial activity in our samples

was low due to the low pH (∼ 3) of the organic soil (e.g.

Matthies et al., 1997; de Boer and Kowalchuk, 2001; Rousk

et al., 2010). Maljanen et al. (2013) found that some acidic

forest soils emit measurable amounts of HONO and, thus,

proposed nitrogen availability for the microbes as an impor-

tant factor controlling HONO emissions. The mechanisms

controlling HONO emissions from soils (microbial produc-

tion versus physicochemical release) are still the subject of

debate. Maximum emissions for neutral to alkaline soils were

attributed to the activity of ammonia-oxidizing bacteria (Os-

wald et al.2013). Donaldson et al. (2014b) studied the ef-

fect of surface acidity of soil particles (in contrast to the bulk

soil pH) on HONO uptake. Their study confirmed that the

acidity of the particles rather than the bulk pH determined

the HONO exchange, which could explain HONO emissions

at high (bulk) pH. Nevertheless, this mechanism is appli-

cable to mineral soils only. Another possible effect would

be HONO loss in the soil by chemodenitrification as pro-

posed by Clark (1962). During chemodenitrification in the

soil, HONO is converted to NO and N2O depending on pH

and organic content, with the highest conversion rates at low

pH and high organic content (e.g. Allison, 1963, van Cleem-

put and Baert, 1984; Ventera et al., 2005). A recent flow tube

study (Donaldson et al., 2014a) reports 16 % NO and 13 %

N2O yield from HONO adsorbing to a mineral soil (less than

3 % organic and pH of 6.5). Thus, based on the prior semi-

quantitative studies, high loss rates could be expected for the

organic soil at our site. Therefore, the acidic conditions of

the organic soil at the Waldstein site may lead to additional

HONO loss by chemodenitrification and thus low soil HONO

emissions.

3.4.2 Light-induced NO2 conversion

HONO fluxes from light-induced NO2 conversion were cal-

culated by assuming that the flux from the surface equals the

chemical formation at the surface. HONO is formed by re-

active collisions of NO2 with the humic acid surface, and

Stemmler et al. (2007) defined their uptake coefficient (γrxn)

as the ratio of these reactive collisions to the number of gas-

kinetic collisions of NO2 molecules with the surface. Hence,

we calculated the HONO flux by multiplying the number of

gas kinetic collisions given by Eq. (1) with the reactive up-

take coefficient given by Eq. (2) (Stemmler et al., 2007):

Zw =
n×ω

4
, (1)

γrxn =
4

ω
×

1

9.3× 1022
× [NO2]× [F ]−1

+ 2330
, (2)

where Zw is the number of collisions per time (s) and area

(m2), n is the volume number density per m3, ω is the mean

thermal velocity of NO2 in m s−1, [NO2] is the NO2 mixing

ratio in ppb measured at 10 cm above the surface, and F is

the actinic flux in the 400–750 nm range in photons per m3

and s−1. For simplicity, we used the irradiance in the 400–
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Figure 4. Diurnal cycles of HONO emission fluxes caused by light-induced NO2 conversion for different NO2 mixing ratios are shown in

panel (a). The corresponding correlations of HONO formation with j (NO2) are presented in panel (b).

700 nm range (equivalent to the photosynthetic active radi-

ation, PAR) instead of the actinic flux from 400 to 750 nm

for F because this value can be directly compared to mea-

surements and to the model output of the TUV model. Fur-

thermore, in the study of Stemmler et al. (2007), the actinic

flux of the lamps and absorption of the humic acid was low,

in the 700–750 nm wavelength range, thus having little influ-

ence on the reactive uptake. Since our simple model assumes

a flat surface of 1 m2 completely covered with humic acid,

it is well justified to use the irradiance instead of the actinic

flux.

Calculation of the HONO flux using Eqs. (1) and (2) with

NO2 mixing ratios measured 10 cm above the surface and

modelled irradiance resulted in light saturation of HONO for-

mation in the early morning at about 07:00 CET and it re-

mains independent of light intensity for most of the day (see

Fig. 4). In addition, the saturation itself is dependent on NO2

with the fastest saturation observed for low NO2 mixing ra-

tios. Stemmler et al. (2006) explain this behaviour with two

competing processes: (a) the light-driven formation of the

“reductive centres” that react with NO2 and (b) the compet-

ing light-driven formation of oxidants that deactivate these

reductive centres. If more NO2 is available at the surface the

reaction rate increases and the deactivation rate decreases. A

saturation of the surface with respect to NO2 is observed for

mixing ratios > 50 ppb (Stemmler et al., 2006, 2007). If this

saturation behaviour (with respect to light intensities) also

prevails on natural surfaces, at mixing ratios below 1 ppb

the unknown HONO source should be solely correlated with

NO2 independent from radiation, which to our knowledge

has not been reported up to now. Previous studies found that

the unknown HONO source correlated with j (NO2) or ir-

radiance with only a minor dependence on NO2 (e.g. Su et

al., 2008; Sörgel et al., 2011a; Wong et al., 2012). How-

ever, the type and structure of photosensitizers on natural sur-

faces might differ substantially from a pure humic acid film

and, thus, might not be saturated at high light intensities. For

example for humic acid dissolved in ice, Bartels-Rausch et

al. (2010) did not observe deactivation of the surface uptake.

However, only actinic fluxes of up to about 100 W m−2 (400–

700 nm) were considered, compared to irradiance values of

about 400 W m−2 in the same wavelength range around noon

in our study. Consequently, we consider the light saturation

of NO2 conversion on organic surfaces a key issue for de-

termining the role of this HONO formation pathway in the

environment.

3.4.3 Photolysis of adsorbed HNO3

The photolysis of HNO3 adsorbed to surfaces has also been

suggested as a source of HONO (e.g. Zhou et al., 2002,

2011). We measured the leaf nitrate loadings of young spruce

trees (up to 1.6 m height) at the clearing close to the HONO

measurement setup. A detailed description of the sampling

and the calculations can be found in the Supplement. Unfor-

tunately, measurements of the nitrate loadings on the grass

below the HONO inlets are not available, but we assume that

they are comparable to the nitrate loadings of the trees. Ni-

trate loadings at the forest site were not measured, but the

contribution of HNO3 photolysis is expected to be much

lower than at the clearing as the available radiation is attenu-

ated by the canopy by a factor of about 10–25 (Sörgel et al.,

2011b). Furthermore, we have found no evidence of a HONO

source at the forest floor (see Sect. 3.2).

The nitrate loadings of the young spruce trees at the clear-

ing are 1.7± 0.7× 10−5 mol m−2, which is in relatively good

agreement with the value of 0.8± 0.3× 10−5 mol m−2 re-

ported by Zhou et al. (2011). Both research sites are located

in rural forested areas, but considering the influence of dif-

ferent environmental variables, such as NOx mixing ratios,

precipitation intensity and plant surfaces, all of which influ-

ence HNO3 formation and deposition, a variation by a factor

of 2 may be expected.

The potential HONO emission fluxes from the photolysis

of adsorbed HNO3 were calculated using three different ap-

proaches:
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Figure 5. HONO fluxes from photolysis of adsorbed HNO3 calculated by three different approaches (for details see text). Diurnal cycles of

the HONO fluxes are shown in panel (a), whereas panel (b) shows the relationship between HONO fluxes and j (NO2).

1. All measured nitrate represents adsorbed HNO3 at the

top surface of the needles, and HONO formation from

photolysis of adsorbed HNO3 proceeds with an empiri-

cal enhancement factor of 43 of j (HNO3) (Zhou et al.,

2011).

2. Similar to approach 1 but the nitrate loading is dis-

tributed over the whole geometric surface of the needles

(Oren et al., 1986) and, thus, a factor of 2.65 less HNO3

is exposed to radiation.

3. The photolysis frequency of adsorbed HNO3 is cal-

culated directly from the absorption cross section of

adsorbed HNO3 on fused silica reported by Zhu et

al. (2008) and the corresponding irradiance calculated

by the TUV model. This photolysis frequency multi-

plied with the nitrate loading according to approach 2

yields the NO2 formed at the surface. Then, HONO for-

mation is calculated as described in Sect. 3.4.2. To de-

rive the reactive uptake coefficient according to Eq. (2)

(Stemmler et al., 2007), we used the irradiance inte-

grated over the 290–700 nm wavelength range and cal-

culated the NO2 concentration which is equivalent to

the amount of NO2 molecules formed at the surface by

HNO3 photolysis.

A comparison of j (NO2) values from the TUV model with

those calculated from global radiation measurements by the

approach of Trebs et al. (2009) showed reasonable agree-

ment. The values agree within 8 % around noon.

Figure 5 summarizes the results of the different ap-

proaches. Based on empirical factors of light enhance-

ment and HONO formation (Zhou et al., 2011), approaches

1 and 2 yielded a light-dependent HONO source in the

same order of magnitude as the estimated HONO fluxes

(0.04± 0.02 nmol m−2 s−1; see Sect. 3). The calculated po-

tential HONO fluxes according to approach 1 are a factor

of 2 higher (about 0.46 nmol m−2 s−1) than those of Zhou et

al. (2011) (0.25 nmol m−2 s−1), which is consistent with the

twofold-higher nitrate loading measured at our site. How-

ever, we consider approach 2 to be more realistic. The di-

urnal cycle of this source (Fig. 5) follows j (HNO3) as the

mean nitrate loading is used for the calculation. This seems

to be valid as we found rather constant surface nitrate load-

ings during different times of the day (see Fig. S4).

Approach 3, a combination of photolysis of adsorbed

HNO3 and light-induced conversion of the photolysis prod-

uct NO2 (see also Sect. 3.4.2) as proposed by Zhou et

al. (2011), reveals several interesting findings:

– The calculated photolysis frequency of adsorbed HNO3

is higher than in the gas phase by a factor of 2000.

– The lifetime of adsorbed HNO3 with respect to photol-

ysis is only about 15 min at noon.

– NO2 formed at the surface by HNO3 photolysis corre-

sponds to a mixing ratio of NO2 in the gas phase of only

a few ppt.

If the strongly enhanced photolysis of adsorbed HNO3 is

valid for natural surfaces, this will have important implica-

tions for HNO3 deposition. HNO3 would more likely be an

intermediate with a lifetime comparable to that of HONO

(about 15 min at noon) than a final sink for NOx . However,

even if photolysis of adsorbed HNO3 is strongly enhanced,

formation of HONO would be rather slow if the subsequent

reaction of NO2* (Abida et al., 2012) occurs via the light-

induced NO2 conversion (Stemmler et al., 2006) as proposed

by Zhou et al. (2011). As shown in Sect. 3.4.2, the light-

induced conversion is light saturated during most of the day

especially for low NO2 mixing ratios. If we compare the

number NO2 molecules formed at the surface through HNO3

photolysis to the number of NO2 molecules hitting the sur-

face through gas kinetic collisions this would correspond to a

mixing ratio of only a few ppt. Thus, this pathway would not

compete with ambient NO2 for the conditions in our study.

Hence, a different NO2* reaction mechanism must exist to
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explain the proposed HONO formation from HNO3. A po-

tential pathway for NO2* to form HONO is the reaction with

water (e.g. Crowley and Carl, 1997; Amedro et al., 2011).

Sörgel et al. (2011a) speculated that the reaction of NO2*

with water at the surface might be faster than the respective

gas-phase reaction, which is not of atmospheric importance

(e.g. Crowley and Carl, 1997; Sörgel et al., 2011a; Amedro et

al., 2011). The formation of NO2* (either from HNO3 pho-

tolysis or directly in the gas phase) is not the limiting step,

as in the gas-phase j values for excitation (NO2→ NO2*)

are about a factor of 5 higher under typical tropospheric con-

ditions (Crowley and Carl, 1997) than for photo dissociation

of NO2. The limiting step is the small portion of reactive

quenching of NO2* by water vapour as the majority of ex-

cited NO2 molecules gets deactivated by collision with N2,

O2 and water vapour. According to Abida et al. (2012), de-

activation of NO2* is much faster at the surface than in the

gas phase, thus reducing the probability for reactive quench-

ing with water and formation of HONO. For a quantitative

evaluation of this reaction pathway, knowledge of the ratio of

deactivation to reactive quenching of surface-adsorbed NO2*

and H2O is crucial. Another pathway might be the photoly-

sis of nitrate in an aqueous solution that has been reported

to yield HONO and NO2 (Scharko et al., 2014), whereby

HONO formation was attributed to efficient hydrolysis of

NO2 that is formed in solution.

3.5 Comparison of calculated fluxes and source

estimates

Transferring the HONO formation mechanisms proposed by

laboratory measurements to field conditions involves uncer-

tainties as discussed in detail in the previous sections. How-

ever, except for HNO3 photolysis (Zhou et al., 2011) these

source mechanisms have not been quantified in field studies

up to now. Furthermore, to our knowledge the various reac-

tions have not been studied under natural conditions, except

for a proof of principle study with irradiated bare soil as a

natural humic acid environment (Stemmler et al., 2006), and

the empirically derived HNO3 conversion factors (Zhou et

al., 2003). In Fig. 6 all source estimates and the observed flux

estimates from the field are summarized. The main findings

are (a) that all sources are within the same order of magni-

tude, and (b) due to the large systematic uncertainties of the

source estimates and the potentially large errors of the flux

estimates, none of the sources can be favoured or excluded.

The soil flux was the only source to be measured directly,

and these measurements were performed in the laboratory.

The soil HONO flux would likely be lower in the field as

the soil at the site was covered by vegetation which can

take up HONO (Schimang et al., 2006) and because ambi-

ent HONO mixing ratios were above zero. NO2 mixing ra-

tios dropped below 500 ppt in the afternoon, leading to very

low HONO fluxes from light-induced NO2 conversion. Sur-

prisingly, this photochemical source did not show a diurnal

Figure 6. Comparison of measured HONO fluxes at the clearing on

12 July 2012 with estimates of potential HONO sources. Black stars

represent the fluxes derived from the aerodynamic gradient method.

Blue diamonds are HONO fluxes calculated from the measured ni-

trate loadings according to Zhou et al. (2011) but using the geo-

metric needle area (see Sect. 3.4.3, approach 2). Brown dots are

calculated HONO fluxes according to Stemmler et al. (2007) as-

suming a flat surface covered with humic acid. The grey horizontal

line marks the upper limit of soil HONO fluxes derived from labo-

ratory dynamic chamber measurements.

cycle but became light saturated early in the morning and,

thus, was solely dependent on NO2 mixing ratios. It remains

an open question whether light saturation also occurs on nat-

ural surfaces. The photolysis of adsorbed HNO3 produced

considerable HONO fluxes (even for approach 2, Sect. 3.4.3)

when using an empirically derived HONO conversion factor

(Zhou et al., 2003, 2011). In contrast, the proposed mech-

anism based on reaction kinetics (approach 3, Sect. 3.4.3)

failed to produce considerable amounts of HONO. Although

some of the sources were unexpectedly small, the combina-

tion of all three sources yields much higher fluxes than mea-

sured in the field. This may be attributed to enhanced de-

position of HONO during the day due to stomata opening

and take-up by plants (Schimang et al., 2006), which would

reduce measured net emission fluxes. However, the contribu-

tion of daytime deposition has not been measured up to now.

4 Conclusions

Our results reveal that the forest floor was predominantly a

net sink for HONO, and the clearing constitutes a net sink for

HONO during nighttime and a net source during daytime.

Hence, net sources and net sinks coexist in heterogeneous

landscapes.

HONO emissions calculated for three proposed mecha-

nisms agreed with the measured fluxes within 1 order of

magnitude. On the one hand, this shows that the postulated

sources are of the right order of magnitude, but on the other
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hand, even the presented comprehensive data set including

vertical profiles is not sufficient to exclude or confirm one

individual source. The detailed investigation of three poten-

tial HONO sources, i.e. soil emissions, NO2 conversion with

humic acids and photolysis of adsorbed HNO3, revealed im-

portant findings:

– Soil emissions were found to be several orders of mag-

nitude lower than would be expected from the model of

Su et al. (2011), and calculated fluxes are very sensitive

to the parameterization of mass transfer from the soil to

the atmosphere. Furthermore, acidic soils do not neces-

sarily favour HONO emissions. Emissions are a factor

of 700 higher for agricultural soils (Oswald et al., 2013)

and thus might be highly influenced by microbial activ-

ities.

– NO2 conversion on humic acid surfaces was found to

be light saturated from the early morning throughout

most of the daytime under ambient conditions and, thus,

only dependent on NO2. This saturation effect has not

been observed in field measurements up to now. Conse-

quently, we could not identify the expected correlation

of HONO formation with j (NO2) for this reaction. Fur-

thermore, at low NO2 levels this source is very small at

our site.

– Photolysis of adsorbed HNO3 was found to explain the

estimated HONO fluxes when using an empirical pa-

rameterization for HONO formation, but it failed to pro-

duce noticeable amounts of HONO when the formation

was calculated according to the proposed mechanism

and literature values for adsorption cross sections and

reaction kinetics.

Since HNO3 photolysis is not correlated to j (NO2) either,

the correlation of the unknown HONO source to j (NO2)

as observed for example by Su et al. (2008) and Sörgel et

al. (2011a) might originate from the unbalanced photolytic

loss term of HONO (j (HONO)× [HONO]). This loss term

is highly correlated to j (NO2) in the budget calculations (Os-

wald et al., 2015), and is generally interpreted as the un-

known source. Recently, an internal source of HONO in the

boundary layer from the interconversion between NOx and

HOx has been postulated to have a contribution of about 75 %

(Li et al., 2014). Such a source would explain the observed

correlation to j (NO2) or j (HONO). In our study, the surface

emission flux of HONO is only in the order of a few percent

of the calculated photolytic loss within the boundary layer,

which is even less than estimated from boundary layer pro-

file measurements (∼ 20 % ground contribution; Zhang et al.,

2009; Li et al., 2014).

However, a daytime ground source of HONO exists that

can produce additional OH, thus enhancing the oxidation ca-

pacity of the lower troposphere. The relative contributions of

ground sources and volume sources and, hence, the contribu-

tion of HONO to primary OH formation remains to be quan-

tified by combining field measurements with the application

of chemistry and transport models.

The Supplement related to this article is available online

at doi:10.5194/acp-15-9237-2015-supplement.
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