
General Response 

We thank the Reviewers for their valuable comments helping to improve the manuscript. We have 

responded to these questions/concerns and made modifications throughout the manuscript. The 

manuscript has been greatly improved through this process and we feel that it now meets the 

expectations of the Reviewers. 

This file is structured as follows: 

1. Modifications/clarifications that were done additionally to or differently than the response to 

the reviewers 

2. Point by point response to the reviewers (as published by Copernicus) 

3. Revised manuscript with track changes 

4. Revised Supplement 

 

1. Modifications/clarifications that were done additionally to or differently 

than the response to the reviewers: 

 

There was a typo in equation (2). The calculations were right! The correct formula is: 

γ_rxn=  4/ω×  1/(9.3× 10 ^22×[ NO _2 ]×[F]^(-1)+2330) 

There was a mistake in the reply to the following comment of referee 1: 

The referee asked: 

“REF: 2135, 8: The authors might want to specify a “flat” smooth surface here.” 

We answered: 

“A: Although, there is a slope of about 3 ° in south west direction, in the direction of the main wind 

(west) the slope is less pronounced (~ 1°) (Siebicke, 2010). In the vicinity of the measurement (~ 3-4 m) 

the surface had no bigger irregularities (differences in elevation < 10 cm) and was covered by moss 

which smoothed the surface. This type of ground surface was extended in the main wind direction and 

just occasionally there were holes (~ 20 cm) and dead wood (5- 30 cm) within the fetch but at distances 

> 5 m.” 

Although the information we provided might be interesting we realized that the referee wanted to make 

a different point here. The “smooth surface” was mistakable, therefore we wrote: …”a flat surface of 1 

m
2
…” 



There was some confusion (still in the reply to the referee 1) with the numbers from Wong et al (2013) 

about ground source contribution. This has been clarified in the revised manuscript and double checked. 

  



2. Point by point response to the reviewers (as published by Copernicus) 

 

Anonymous Referee #1Received and published: 21 February 2015 

General Comments.  

REF: The discussion article by Sörgel et al. presents data from a study of HONO fluxes at two different 

rural field sites. At each site, meteorological and actinic radiation data were used in conjunction with 

HONO measurements that were made at two different heights above ground level. The data as a whole 

was used to infer information about net HONO deposition and emission rates to and from ground 

surfaces, respectively. The study is well thought out and executed and the data analysis is thorough and 

informative. A particular strength of the paper lies in the authors’ attempts to reconcile observed HONO 

fluxes with proposed daytime sources (e.g., reaction of NO2 by photochemically excited humic acid, 

nitric acid photolysis, soil emissions) and sinks (e.g., gas phase photolysis and dry deposition). The only 

weakness in the composition was that it lacked a section in the introduction or abstract that convinced 

the readership of why this study was novel and significant. This point is clear to me, but it needs to be 

made also to the reader who is not as familiar with this area of research. As it is written, the new 

aspects of the work are buried throughout the text and only pointed out in passing. In addition, some 

points are raised below that I hope will improve the clarity of the manuscript. 

A: We thank reviewer 1 for his valuable comments helping to improve the manuscript. We rephrased 

some parts in the abstract and within the main text to state clearer the novelty and significance of main 

parts of the work.  

REF: Specific Comments (page #, line #): 

2121, 21: It is sufficient to just write NO2 dimer, or N2O4 instead of including both. 

A: We changed the text accordingly. 

REF: 2127, 11-21: The authors refer to NOx measurements at different heights aboveground, listing 

average mixing ratios for the campaign period, but only show the actual data at 1.6 m (Figures 2 and 3). 

For completeness, it would useful to include the data at the other measurement heights in the 

supplement. 

A: We agree with the referees’ suggestion. We included the respective graph to the supplement. See 

also below comment. 

REF: 2131, 15: I recommend the following addition to the text: “sources and sinks coexist over small 

spatial scales,...” 

A: We changed the sentence accordingly. 



REF: 2131, 18-20: The authors state, “The prevailing HONO deposition at the forest floor might also 

explain the poor correlations of HONO and NO2 found during the EGERIOP-1 campaign at the same site. 

. .” Some readers may not be familiar with EGERIOP-1. In addition, I felt that this last sentence of section 

3.3.1. required more elaboration. Are the authors saying that because the net transport of HONO is 

dominated by deposition, this has the effect of masking the variables that would provide clues as to 

which HONO sources are important? Or are they trying to make a different point about the EGER IOP-1 

campaign? 

A: The referee is right that the reader might not be able to understand what the point here is. We 

wanted to point out that in this previous campaign in 2007 the obtained results were already pointing to 

a dominating role of nighttime deposition, which with the existing measurements could not be proved. 

“The weak correlation of HONO to NOx does not necessarily mean that NO2 is not a precursor for 

HONO. We simply do not see a correlation, which is similar to results from another rural forest site 

(Zhou et al., 2002). This indicates that other processes like deposition or re-emission are also 

important“(Sörgel et al., 2011). As a consequence the new measurements prove that the prior 

interpretation was right and that the dominating role of nighttime deposition is a common feature at 

that site. Nevertheless, to avoid confusion and not to distract the reader we discard this point from the 

manuscript. 

REF: 2132, 20: The authors mention that the contribution of the ground source to total HONO 

production rate was 80% in the Wong et al. (2013) study, which is much higher than the few % observed 

in the current study. However, the Wong et al. study was conducted in a polluted urban area (Houston), 

so HONO emissions could be impacted by numerous other factors, while the present study was 

conducted in a rural setting. I feel the authors should discuss this very important difference and 

speculate on additional location-specific considerations. 

A: As none of the other studies used a chemistry-transport model to infer the ground contribution we 

did not discuss the differences in detail. Nevertheless, the referee is right that site specific differences 

should be discussed as well and are a potential reason for the observed differences. We included the 

requested information. First of all we have to apologize for providing a wrong number here. Actually it 

was meant to write over 60 % as Czader et al. (2012) calculated up to 65 % contribution (this study was 

conducted in Houston as well). The study of Wong et al. (2013) reports somewhat lower values of about 

50 %. We corrected the information. Nevertheless, both numbers are considerable larger (at least a 

factor of 2) than the roughly 25 % calculated by Zhang et al. (2009) and Li et al. (2014), based on 

measured profiles throughout the boundary layer.  

 

REF: 2132, 24: The authors end the paragraph with: “this issue remains unclear.” Please clarify what the 

“issue” is with a more specific statement, or frame the issue more clearly earlier in the paragraph. 

A: The “issue” meant the discussion of ground surface source versus volume source. We clarified this 

point and provided more information about the different approaches (see also above comment). As 

each of the approaches has shortcomings we don’t think that there is already a clear picture. 



REF: 2133, 15: The soil pH values for the sampling sites are listed in the supplement, but it would help if 

the average soil pH or range of soil pH values are included in the text here. 

A: We included the respective pH-values. 

REF: 2135, 8: The authors might want to specify a “flat” smooth surface here. 

A: Although, there is a slope of about 3 ° in south west direction, in the direction of the main wind (west) 

the slope is less pronounced (~ 1°) (Siebicke, 2010). In the vicinity of the measurement (~ 3-4 m) the 

surface had no bigger irregularities (differences in elevation < 10 cm) and was covered by moss which 

smoothed the surface. This type of ground surface was extended in the main wind direction and just 

occasionally there were holes (~ 20 cm) and dead wood (5- 30 cm) within the fetch but at distances > 5 

m. 

REF: 2135, 10: Again, NO2 mixing ratios at 10 cm above the ground are mentioned, but they are not 

provided anywhere in the document. I only see the NO2 mixing ratios at 1.6 m presented in the figures. 

Since these data are used, I would include them somewhere in the manuscript. Either in the supplement 

or as another figure. 

A: We agree with the referees’ suggestion. We included the respective graph in the supplement (see 

above comment). 

REF: 2135, 10-25: The authors use the parameterization outlined by Stemmler et al. 2007 to calculate 

the HONO flux expected from the reaction of NO2 with photo-excited humic acid surfaces. They do this 

for their measured NO2 concentrations at the clearing on a day where presumably NO2 levels were 

below 2 pbb. Due to the mathematical relationship between rate of formation and spectra irradiance in 

the parameterization, one would expect that the HONO flux rapidly reaches a maximum and remains 

independent of light intensity in the lower NO2 concentration range. The calculations in Figure4 are 

useful and the comparison in Figure 6 suggests that the diurnal dependence of HONO flux may only be 

due in part to the NO2+humic acid mechanism. However, I do not understand the statement, “If this 

saturation behavior prevails on natural surfaces, the unknown HONO source should be well-correlated 

with NO2 only at mixing ratios below 1 ppb.” From the modeled results in Figure 4 and the 

parameterization equations used, it seems to me that for a given light intensity there is a strong 

dependence on NO2 at all NO2 mixing ratios, not just those below 1 ppb.  

A: A misunderstanding occurred within this sentence. It was meant that in this case (NO2 below 1bbp) 

Punknown is only correlated to NO2 and not to both NO2 and light intensity. We changed the sentence 

accordingly. 

REF: As described on p. 2128, the authors calculated net HONO fluxes from selected parts of their 

campaign. I am not sure if there is enough data to do such a comparison, but have the authors derived 

any correlations between those HONO fluxes and light intensity or NO2 levels? Is there a dependence of 

the HONO source on J(NO2), irradiance, or NO2 levels that could help them decide whether the NO2-

humic acid model fits the observed diurnal profile? 



A: Unfortunately there is not enough data for such kind of correlation study. Furthermore, regarding the 

fluxes it was only possible to calculate them for rather stationary HONO levels (see section 3.2) that 

mostly occurred in the afternoon (see below comment). 

REF: 2136, 14-15: the multiplication signs for the numbers (in scientific notation) did not come out in my 

copy of the manuscript. Please check. 

A: We will check the appearance in the final copy. 

2137: what happens when one does not assume any enhancement in the absorption cross section or 

quantum yields for nitric acid? 

A: The reaction won’t be a significant contribution to the HONO budget. 

REF: 2138, 8-9: I do not understand why HONO formation via the NO2+[humic acid*] reaction would be 

slow if there was rapid formation of NO2 from nitric acid photolysis. Can the authors clarify? 

A: The interesting point here is, if HONO is produced via NO2 reactions or directly from HNO3 

photolysis. If NO2 is the precursor, even the enhanced (~ factor 2000 with respect to gas phase) HNO3 

photolysis fails to compete with ambient NO2 values. The number of NO2 molecules formed at the 

surface through HNO3 photolysis (~ 2000 absortption crosssection and quantum yield 1) is equal to the 

number of molecules hitting the surface by gas kinetic collisions at just a few ppt of ambient NO2. 

REF: 2138, 13: See Scharko et al. 2014 (doi: 10.1021/es503088x), which presents a discussion of how 

NO2 hydrolysis could be potentially significant if NO2 is formed photochemically in aqueous solutions, as 

opposed to if NO2 reacts heterogeneously. In addition, this article points out that non-chromophoric 

organic matter may act to enhanced HONO yields due to OH radical scavenging ability 

A: We included the suggested reference in the discussion. 

REF: Figure 2: Consider using a different color for the wind speed label, u*. It does not standout against 

the grey background.  

A: We used black for the labeling to increase the contrast. 

REF: Figure 6. I note that the fluxes derived by the aerodynamic gradient method all occur between 

11:30-15:00. Are these the only flux values for that particular day that were positive (i.e., represent a 

net emission of HONO from ground)? Also, the timing is interesting, as this is the time of day when 

VandenBoer et al. Nature Geosci. 2015suggest that the acid displacement mechanism would be most 

important Perhaps this should be addressed somewhere in the text? 

A: As can be seen in Fig. 2, except for a rainy day, mixing ratio differences are all negative throughout 

the day on the clearing. This indicates that emissions are occurring throughout the day. Due to the 

limitations of the method we could only calculate 17 flux values for 3 days. Six of them are presented in 

fig.6 for the 12th of June. Almost all calculated daytime flux values are between 11:00 and 15:00. The 

reason is that with our method, that measures each height of the profile consecutively, we need rather 



stationary HONO concentrations which only occur during that time of the day. In the early morning 

HONO values are declining fast and in the late afternoon they begin to rise again. Therefore, it is rather a 

method bias than a result of fluxes driven by the acid displacement. Besides the low number of flux 

values the bias towards midday is one of the reasons we did no correlation analysis (see above 

comment). Instead we decided to compare the source strengths directly as we can compare them point 

by point. Therefore, we did not discuss this relation between flux appearance and potentially stronger 

acid displacement. Additionally, we discussed (section 3.3.1) the acid displacement for the forest floor 

data as we have at least one week of continuous measurements (showing no emissions) available. 
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Interactive comment on “A comparison of measured HONO uptake and release with calculated source 

strengths in a heterogeneous forest environment” by M. Sörgel et. al. 

M. Ammann (Referee) 

markus.ammann@psi.ch 

Received and published: 29 January 2015 

 

REF: This study reports vertical mixing ratio profiles of nitrous acid (HONO) measured over a forest floor 

and a nearby clearing. In the forest, deposition dominated the net flux day and night, while in the 

clearing, deposition occurred during the night and emission during the day. The measured fluxes were 

compared to available information about potential HONO sources. Biogenic emissions seem not to be 

sufficient at this site. The light induced conversion of nitrogen dioxide to HONO turned out to explain 

only a smaller fraction of the observed daytime emission flux, due to significant light intensity saturation 

reported. Photolysis of adsorbed nitrate or nitric acid would either underestimate or overestimate 

measured fluxes, depending on the mechanism and parameterization used. The budget of HONO 

continues to be a debated topic in atmospheric chemistry due to its role as a photolytic OH source. It’s 

sources and sinks are not sufficiently understood, and the present study is a valuable contribution to this 

topic. The measurements seem to be performed carefully, the analysis appears sound, and the 

discussion is thoughtful and detailed. The manuscript is well structured and quite well written. I 

recommend publication after addressing a few minor comments. 

A: We thank M. Ammann for his valuable comments helping to improve the manuscript. 

 

REF: Page 2122, line 5: reference to Gutzwiller et al., the quoted study is about diesel exhaust emissions; 

may be the authors rather wanted to cite Gutzwiller, L., George, C., Rössler, E., and Ammann, M.: 

Reaction kinetics of NO2 with resorcinol and 2,7- naphthalenediol in the aqueous phase at different pH, 

Journal Of Physical Chemistry A, 106, 12045-12050, 2002. This study directly reported reduction of NO2 

by organics. 

A: The referee is right that the mentioned reference is better suited. The reference has been changed 

accordingly. 

 

REF: Page 2123, line 24ff: Discussion of mechanisms involving NO2*: Better explain what the limitation 

is: production rate of NO2* or the reaction rate of NO2* + H2O. This is important, since for the HNO3 

photolysis pathway NO2* production rates maybe higher than those from excitation of NO2 in the gas 

phase. This issue is coming back in the discussion of the HNO3 photolysis pathway at the end of section 

3.4.3  



A: Actually, the rate limiting step is the relatively slow rate of reaction of NO2* + H2O=> HONO and OH. 

The formation of NO2* should not be limiting as j values for excitation are about a factor of 5 higher 

than for photo dissociation (Crowley and Carl 1996). The majority of NO2* molecules is deactivated by 

collision with N2, O2 and H2O. Therefore, as discussed in the manuscript, the formation of HONO and 

OH by this reaction critically depends on the relative rate of deactivation and reactive quenching which 

might be different for a surface reaction. We updated the discussion in the manuscript accordingly. 

REF: Page 2123: Some new studies related to the exchange of HONO with ground surfaces and their 

components by Van den Boer et al. (2014) and Donaldson et al. (2014) may be included in this part of 

the introduction. 

A: Both studies were discussed elsewhere in the manuscript. The referee is right that they should be 

included already in the introduction where the surface exchange of HONO is described. 

 

REF: Page 2126, line 22: . . . if water is condensing (rather than ‘humidity’) 

A: We changed the sentence accordingly. 

REF: Page 2129: maybe the Su et al. (2011) should also be discussed in this context, since it did not make 

a proof about the origin of nitrite, biogenic or through NO2 deposition. In addition, the soil pH of the 

present site should be mentioned and discussed already here. 

 

A: The referee makes an important point here. The partitioning described by Su et al. (2011) is a 

reversible process and Ren et al. (2011) already argued that the high soil pH at the Blodgett Forest site 

was one of the reasons for the very low observed HONO fluxes. Contrary, our site has a very low pH (~3), 

but low HONO emissions (or better dominating deposition) as well. Recently, Donaldson et al. (2014) 

argued that surface pH of the soil minerals is a better measure for HONO uptake and release than bulk 

pH. Their study was motivated by the discrepancy between the expected pH dependency of HONO 

release (Su et al., 2011) and the observed maximum of HONO emissions for neutral to alkaline (bulk) pH 

soils (Oswald et al., 2013).Donaldson et al. (2014) showed that acidity of soil minerals can be indeed 

higher than suggested by the bulk pH but the driving force behind emissions in the study of Oswald et al. 

(2013) was microbial activity that is hindered at low pH. Instead of including this discussion here, we 

would prefer extending the discussion of these contrasting views of physicochemical and biological 

factors in section 3.4.1 (see also comment below). So far all these studies refer to bare soil which in our 

case is not representative. Therefore, we believe plant stomatal uptake (Schimang et al., 2006), that 

potentially is non reversible, or uptake to leave cuticula and dead wood to be more important at our 

site, as discussed in section 3.3.1 and elsewhere in the text. 

 

 



REF: Section 3.4.1: what would be the contribution of NO2 deposition to nitrite, if one would assume a 

reasonable uptake coefficient on the ground surface for this process? 

A: We have no direct measure of the nitrite pool derived by various sources, e.g. the microbiological. We 

can provide a rough estimate* for the pools caused by HONO deposition by using the average integrated 

nighttime net-deposition and for that resulting from NO2 reacting to HONO with a typical uptake 

coefficient and compare that to measured nitrite in the soil. Nevertheless, we assume uptake to plant 

surfaces and stomata to be more important but this cannot be satisfactorily quantified with the current 

measurements and parameterizations.  

*back of the envelope calculations: 

Deposition fluxes of HONO were observed between 22:00 and 6:00 CET (28800 seconds). The average 

net deposition flux was 0.006 nmol m-2 s-1. Therefore, the integrated flux is about 173 nmol m-2. 

Average NO2 mixing ratios are around 2 ppb. Assuming a reasonable reactive uptake coefficient for the 

NO2 to HONO (NO2-) conversion of 10-6, that all formed HONO stays as nitrite at the soil surface and 

the same 8 hours of duration for forming the reservoir yields 202 nmol m-2. This is about the same 

magnitude as direct HONO deposition. Measured nitrite in the soil was 0.8 mg Kg-1 N. Therefore, 

assuming the uppermost 2 cm take part in the exchange the total reservoir is 1.2 x 10
5
 nmol m-2. 

Therefore, the contributions of both HONO deposition and NO2 reaction do not substantially (< 1 %) 

contribute to the nitrite reservoir. As discussed microbial activity was low due to low pH but we assume 

that biological formation is still the largest fraction of the nitrite reservoir.  

 

REF: Last paragraph of section 3.4.2: discussion of actinic flux saturation. Would the NO2 to HONO 

conversion be substantially higher during the day if the low irradiance linear behavior would be 

extrapolated linearly? As Bartels-Rausch et al. (2010) point out, the origin of the saturating behavior 

could also result from adsorption limitation of the adsorbed NO2 precursor. Since NO2 concentrations 

are low, adsorption saturation would not be a limitation in the present case. 

 

 A: Assuming a linear increase of the HONO flux with irradiance would result in roughly a factor of nine 

higher HONO flux at maximum irradiance for a given NO2 concentration. Furthermore, if NO2 is not 

limiting one could extrapolate the linear increase in the morning in Fig. 4 b to maximum values of 

irradiance (that correspond to max. values in j(NO2)).  

The referee is right that the adsorption limitation is not an issue here as it only becomes obvious at 

comparably high (> 50 ppb) levels of NO2 (Stemmler et al., 2006; Stemmler et al., 2007). In both studies 

Stemmler and coworkers argue that the saturation behavior regarding the actinic flux might be 

explained by the formation of photo oxidants that limit the lifetime of the “photo-produced reductive 

species (Ared)”. This Ared is the intermediate formed by irradiating the humic acid that subsequently 

reacts with NO2 to yield HONO.  Therefore, deactivation of Ared competes with the reaction of NO2 at 



higher light intensities. This also explains why the saturation behavior is less obvious at high NO2 levels. 

We included this discussion in the manuscript. 
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Abstract  1 
 2 

Vertical mixing ratio profiles of nitrous acid (HONO) were measured in a clearing and on the 3 

forest floor in a rural forest environment. For the forest floor, HONO was found to be 4 

predominantly deposited, whereas net deposition was dominating in the clearing only during 5 

nighttime and net emissions were observed during daytime. For selected days, net fluxes of 6 

HONO were calculated from the measured profiles using the aerodynamic gradient method. 7 

The emission fluxes were in the range of 0.02 to 0.07 nmol m-2 s-1, and, thus were in the lower 8 

range of previous observations. These fluxes were compared to the strengths of postulated 9 

HONO sources. Laboratory measurements of different soil samples from both sites revealed 10 

an upper limit for soil biogenic HONO emission fluxes of 0.025 nmol m-2 s-1. HONO 11 

formation by light induced NO2 conversion was calculated to be below 0.03 nmol m-2 s-1 for 12 

the investigated days, which is comparable to the potential soil fluxes. Due to light saturation 13 

at low irradiance, this reaction pathway was largely found to be independent of light intensity, 14 

i.e. it was only dependent on ambient NO2.  15 

We used three different approaches based on measured leaf nitrate loadings for calculating 16 

HONO formation from HNO3 photolysis. While the first two approaches based on empirical 17 

HONO formation rates yielded values in the same order of magnitude as the estimated fluxes, 18 

the third approach based on available kinetic data of the postulated pathway failed to produce 19 

noticeable amounts of HONO. Estimates based on reported cross sections of adsorbed HNO3 20 

indicate that the lifetime of adsorbed HNO3 was only about 15 min, which would imply a 21 

substantial renoxification. Although the photolysis of HNO3 was significantly enhanced at the 22 

surface, the subsequent light induced conversion of the photolysis product NO2 did not 23 

produce considerable amounts of HONO. Consequently, this reaction might occur via an 24 

alternative mechanism.  25 

By explicitly calculating the HONO formation based on available kinetic data and simple 26 

parameterizations we showed that a) for low NOx the light induced conversion of NO2 on 27 

humic acids is light saturated already in the early morning, b) HONO formation from 28 

photolysis of adsorbed HNO3 should proceed via an alternative mechanism and c) estimates 29 

of HONO emissions from soil are very sensitive to mass transfer and acidic soils do not 30 

necessarily favour HONO emissions.  31 

32 
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1 Introduction  1 

 2 

Gaseous nitrous acid (HONO) may contribute up to ~ 80% to the primary formation of 3 

hydroxyl radicals (OH), which play a key role in the degradation of most air pollutants 4 

(Kleffmann et al., 2005, Kleffmann 2007; Volkamer et al., 2010). The source of OH radicals 5 

is the photolysis of HONO (R1): 6 

HONO + hν (< 400 nm) → NO + OH       (R1) 7 

NO + OH + M → HONO + M        (R2) 8 

HONO + OH → NO2 + H2O         (R3) 9 

 10 

The back reaction R2 consumes OH and regenerates HONO. R3 is typically a minor loss term 11 

for HONO (e.g., Su et al., 2008; Sörgel et al., 2011a; Oswald et al., 2014) and OH due to the 12 

low concentrations of both reaction partners.  Solely considering R1 to R3 HONO is an OH 13 

radical reservoir as discussed for urban plumes (Lee et al., 2013). If R1 to R3 are in 14 

equilibrium, a photo stationary state (PSS) is established (e.g. Cox, 1974; Kleffmann et al., 15 

2005). In case an additional efficient HONO loss term exists (e.g. deposition) (Harrison et al., 16 

1996; Wong et al., 2011; Vandenboer et al., 2013), HONO formation would be a sink for OH 17 

radicals. For instance it was shown that plants (Schimang et al., 2006) and soils (Donaldson et 18 

al., 2014) efficiently take up HONO. However, if additional sources of HONO exist that 19 

exceed the loss terms; HONO is a source for OH radicals.  20 

A well-known source of HONO is the heterogeneous disproportionation of NO2, forming 21 

HONO and HNO3: 22 

2NO2 + H2O → HONO + HNO3         (R4) 23 

Although reaction R4 is well-known, its mechanism is still unclear. A potential mechanism 24 

involving the dimer of NO2 (N2O4) was proposed by Finlayson-Pitts and co-workers 25 

(Finlayson-Pitts et al., 2003), and has been further analysed using theoretical approaches 26 

(Miller et al., 2009; De Jesus Medeiros and Pimentel, 2011). This reaction was found to be 27 

too slow to explain daytime HONO mixing ratios well above the PSS (e.g., Kleffmann et al., 28 

2005; Sörgel et al., 2011a; Wong et al. 2013). However, it is linked to the nighttime 29 

accumulation of HONO, which triggers early morning photochemistry (Alicke et al., 2003). 30 

Other light-independent mechanisms for NO2 conversion to HONO, such as the reduction by 31 

organics (Gutzwiller et al., 2002) and chemisorption on mineral surfaces (Gustafsson et al., 32 
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2008) were also proposed. All these reactions have not yet been quantified under field 1 

conditions and concerns exist whether or not chemisorption would take place under 2 

environmental conditions (Finnlayson-Pitts, 2009). Furthermore, NO2 reduction on soot was 3 

found to be quickly deactivated (Kleffmann et al., 1999; Arens et al., 2001; Aubin and Abbatt, 4 

2007). 5 

As the observed HONO mixing ratios almost always exceed those calculated from the PSS 6 

assumption (summarized by Kleffmann (2007) and Volkamer et al. (2010)), numerous 7 

attempts to identify HONO sources driven by light or by temperature that can overcome the 8 

loss by photolysis were made. Recently, it was found that the heterogeneous 9 

disproportionation (R4) can be catalysed by anions that are formed during photooxidation in 10 

the atmosphere (Yabushita et al., 2009; Colussi et al., 2013). Lightenhancement of R4 has 11 

also been attributed to HNO3 photolysis (Ramazan et al., 2004), and photolysis of adsorbed 12 

HNO3 on natural surfaces was proposed as an important HONO source in the atmosphere 13 

(Zhou et al., 2002; Zhou et al., 2003; Zhou et al., 2011).  14 

In contrast to HONO formation observed on natural surfaces (Zhou et al., 2003, Zhou et al., 15 

2011), HONO has not been detected as a primary reaction product of HNO3 photolysis in 16 

laboratory studies up to now (Zhu et al., 2010, Schuttlefield et al., 2008, Rubasinghege and 17 

Grassian, 2009; Abida et al., 2012). Most studies (Zhu et al., 2010, Schuttlefield et al., 2008, 18 

Abida et al., 2012) report NO and NO2 as the main products of this reaction (Rubasinghege 19 

and Grassian, 2009). The formation of NO2 and NO2* is also proposed for an alternative 20 

mechanism, which involves photolysis of complexes of either HNO3 or NO3
- and NO2 or 21 

N2O4, respectively (Kamboures et al., 2008). Recent studies applying a novel laser-based 22 

technique (Zhu et al., 2010, Abida et al., 2012) identified excited NO2* as the main photolysis 23 

product of adsorbed HNO3, and, furthermore confirmed an enhanced absorption cross section 24 

of adsorbed HNO3 compared to gas phase HNO3. Potentially, NO2* reacting with water 25 

vapour can produce HONO, but this reaction does not result in significant amounts of HONO 26 

under atmospheric conditions (Crowley and Carl 1997; Sörgel et al., 2011a; Amedro et al., 27 

2011). Hence, Zhou et al. (2011) suggested that NO2 formed during HNO3 photolysis further 28 

reacts via the mechanism proposed by Stemmler and co-workers (Stemmler et al., 2006; 29 

Stemmler et al., 2007), where solid organic material like humic acids (HA) acts as a 30 

photosensitizer and reduces NO2 (George et al., 2005). Photosensitized reactions may be a 31 

promising pathway for explaining daytime HONO formation as hypothesized from 32 

correlations of the unknown HONO source with the photolysis frequency of NO2 ,j(NO2), or 33 
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irradiance (e.g. Su et al., 2008; Sörgel et al., 2011a; Wong et al., 2012). The photolysis of o-1 

nitrophenols was also proposed as a HONO source (Bejan et al., 2006) that, however, has not 2 

yet been quantified in field measurements. As it depends on the amount of nitrophenols in air, 3 

this source is expected to be more important for polluted urban conditions (Bejan et al., 2006). 4 

A process directly driven by temperature could be the volatilization of HONO from soil nitrite 5 

(Kubota and Asami, 1985; Su et al. 2011). The temperature dependence of this process has 6 

been attributed to the temperature dependence of the Henry’s law equilibrium between soil-7 

solution and soil-air (Su et al., 2011). Additionally, it was suggested that HONO emissions 8 

are driven by ammonia oxidizing bacteria in soil, whose activity also depends on temperature 9 

(Oswald et al., 2013). Nitrogen availability for microorganisms was found as a limiting factor 10 

for HONO emissions from natural soils (Malianen et al., 2013). HONO deposition during 11 

night and reemission that is driven by acid displacement (VandenBoer et al. 2015) during 12 

daytime has been proposed to explain the missing daytime source (VandenBoer et al. 2013). 13 

The physicochemical interactions with soil particles have been analysed in more detail by 14 

Donaldson et al. (2014 a, b).  15 

Regardless of the mechanism, the ground surface has been proposed as a major source of 16 

HONO (e.g. Febo et al., 1996; Stutz et al., 2002; Zhang et al., 2009; Sörgel et al., 2011b; 17 

Wong et al., 2012, Wong et al. 2013, VandenBoer et al., 2013), although there is a potential 18 

contribution from other heterogeneous sources within the boundary layer (Zhang et al., 2009; 19 

Wong et al., 2013). Flux measurements of HONO (Zhou et al., 2011; Ren et al., 2011) 20 

reported strong daytime upward fluxes, thus confirming a ground source. Contrarily, a recent 21 

study (Li et al., 2014) based on concentration measurements of HONO in the residual layer 22 

and the mixed layer proposed that an internal recycling mechanism (reaction between NOx 23 

and HOx) is mainly responsible for HONO formation. 24 

In this study, we present vertical mixing ratio profiles of HONO measured close to the ground 25 

surface (< 2 m) in a clearing and on the forest floor in a heterogeneous forest landscape in 26 

order to identify sources and sinks of HONO in natural environments. Under favourable 27 

conditions, our setup can be used to derive estimates of the surface fluxes of HONO by the 28 

aerodynamic gradient method. These fluxes are compared to best estimates of HONO source 29 

strengths of three proposed mechanisms derived from measured quantities: a) soil HONO 30 

emissions, b) photosensitized NO2 conversion, and c) HNO3 photolysis.  31 

  32 
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2 Experimental  1 

 2 

Vertical mixing ratio profiles of HONO, nitrogen oxides (NOx), and ozone were measured in 3 

a clearing and on the forest floor at the Waldstein ecosystem research site in the 4 

Fichtelgebirge mountains, NE Bavaria (Germany) in 2011 and 2012 as part of the research 5 

project “Exchange processes in mountainous regions (EGER),” Foken et al. (2012). The 6 

profile measurements were made in June/July 2011 (intensive observation period IOP-3) in 7 

the clearing “Köhlerloh” (50°08'22.3'' N, 11°52'01.5'' E), and in August/September 2012 8 

(IOP-4) on the forest floor about 290 m north of the clearing site close to the main tower 9 

(50°08'31.2" N, 11°52'00.8" E; 775 m a.s.l.) of the “Weidenbrunnen” site. Meteorological 10 

variables for the comparison of both campaigns were taken from the “Pflanzgarten” site, 11 

which is 280 m north-west of the main tower and 490 m north north-west of the clearing site. 12 

An aerial view of the different sites can be found in the Supplement (Fig. S1). 13 

HONO was measured using a commercially available long path absorption photometer 14 

(LOPAP, QUMA, Wuppertal, Germany) with a time resolution of 3 minutes. A detailed 15 

description of the instrument is provided by Heland et al. (2001) and Kleffmann et al. (2002). 16 

The instrument was placed on a scaffold in a ventilated aluminium box as described by Sörgel 17 

et al. (2011b). The limit of detection (3σ of zero air noise) ranged from 1 to 7 ppt. NO and 18 

NO2 were measured by chemiluminescence (Model 42i-TL Thermo Scientific, Franklin, MA, 19 

USA) using a specific photolytic converter for NO2 (Droplet Measurement Technologies, 20 

Boulder, Co, USA). The limit of detection was 50 ppt for NO and about 140 ppt for NO2. 21 

Trace gas profiles of HONO, NO, and NO2 were obtained by moving the external sampling 22 

unit of the LOPAP and an inlet line for NOx to five (0.1 m, 0.2 m, 0.4 m, 0.8 m and 1.6 m) or 23 

three (0.1 m, 0.4 m and 1.6 m) different heights using an automated lift system (Fig. S2). The 24 

dwell time at each height was 6 and 7 min in IOP-3 and 9 min (IOP-4), which allowed 25 

sufficient sampling periods with respect to the time resolution of the LOPAP (1-2 data 26 

points). All data of the lift system (NOx, HONO, temperature and lift position) were recorded 27 

every 20 sec. Additionally, eddy covariance measurements were made during IOP-3 with a 28 

CSAT3 sonic anemometer (Campbell Scientific, Logan, UT, USA) located at a height of 2.25 29 

m on a mast about 20 m north-west of the profile measurements. During IOP-4, a Young 30 

sonic anemometer (Model 81000, R.M. Young, Traverse City, MI, USA) was located about 2 31 

m east of the profile measurements at a height of 2 m. The friction velocity (u*) was 32 

calculated with the TK3 software (Mauder and Foken, 2011). Air temperature was measured 33 
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by radiation shielded and ventilated Pt-100 sensors with a resolution of 0.1 K at 1.4 m (1.6 m 1 

in IOP-4) and 0.1 m above ground level. Soil temperature was monitored with a Pt-100 sensor 2 

at a depth of 2 cm. 3 

At the “Pflanzgarten” site, air temperature and relative humidity (RH) were measured with 4 

HMP45 sensors (Vaisala, Helsinki, Finland) at a height of 2 m, precipitation was measured 5 

with an OMC-212 rain gauge (Observator instruments, Ridderkerk, The Netherlands), and 6 

solar global irradiance was measured on the roof of the measurement container with a CM5 7 

pyranometer (Kipp and Zonen, Delft, The Netherlands). The HONO photolysis frequency 8 

,j(HONO), was calculated from global radiation according to Trebs et al. (2009). 9 

Spectral irradiance and photolysis frequencies were calculated using the Tropospheric 10 

Ultraviolet and Visible (TUV) radiation model (Madronich and Flocke, 1998) version 5.0. 11 

Additional information about methods and instruments can be found in the supplementary 12 

material. 13 

 14 

3 Results and discussion  15 

3.1 Meteorological conditions and comparison of sites  16 

 17 

As shown in Fig. 1, the range of air temperature at the “Pflanzgarten” site was comparable for 18 

both campaigns and ranged between about 5 °C and 27 °C. The maximum temperatures were 19 

27.3 °C for IOP-3 and 25.8 °C for IOP-4, respectively. The minimum temperature of the 20 

June/July period (IOP-3) was lower (5.5 °C) than during IOP-4 in September (6.0 °C). Mean 21 

values (and standard deviations) were 14.7 ± 5.1 °C for IOP-3 and 14.2 ± 4.4 °C for IOP-4. 22 

Accordingly, RH values cover similar ranges from about 30 % to 100 % with somewhat 23 

higher values in the summer campaign due to frequent rain events (i.e. an average 24 

precipitation of 1.8 mm d-1 in IOP-3 and 0.3 mm d-1 in IOP-4). The long-term monthly means 25 

(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 26 

September (Foken, 2003). Consequently, both periods exhibited less precipitation than the 27 

long term average, although frequent but light rain events occurred during IOP-3, whereas in 28 

September (IOP-4) precipitation events were rare. Maximal RH values are slightly different 29 

for the two IOPs and range from 95 % to ~ 100 %. The values greater than 100 % have to be 30 

viewed with caution as the sensor accuracy in the range from 90 % RH to 100 % RH is ± 3 % 31 

and the sensor is not able to measure accurately if humidity water is condensing at high 32 
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humidity. Global radiation, and thus j(HONO), were higher in June/July 2011 than in 1 

September 2012. Correspondingly, the calculated j(HONO) values show a maximum of 2 x 2 

10-3 s-1 in 2011 and 1.8 x 10-3 s-1 in 2012. The radiation and photolysis frequencies at the 3 

forest floor are a factor of 10 to 40 lower than above the canopy depending on the time of day 4 

and canopy structure (Sörgel et al., 2011b). J(HONO) values calculated by applying a factor 5 

of 10 are shown in Fig. 1d. Since weather conditions were comparable, major differences 6 

between the two campaigns are expected to be due to a) availability of radiation, b) turbulent 7 

exchange and c) groundcover. Radiation and turbulent exchange are reduced at the forest site 8 

below the canopy compared to the open clearing. The ground cover at the clearing was 9 

dominated by grass and blueberry, while the forest floor was mainly covered by moss. 10 

 11 

3.2 HONO mixing ratio differences and estimated net fluxes 12 

 13 

NO mixing ratios at the 1.6 m level were generally low, especially during nighttime. Average 14 

mixing ratios were 0.2 ppb during the first period in 2011 (Fig. 2a), 0.1 ppb during the second 15 

period in 2011 (Fig. 2b), and 0.05 ppb in 2012 (Fig. 3a). Due to the well-known soil NO 16 

emissions (e.g., Ludwig et al., 2001; Bargsten et al., 2010) caused by microbiological activity, 17 

NO mixing ratios were higher at 0.1 m. The average mixing ratios close to the ground (not 18 

shownFigs. S3 to S5) at 0.1 m were 0.75 ppb during the first period, 0.5 ppb during the 19 

second period in 2011, and 0.1 ppb in 2012. Average NO2 mixing ratios at the upper level 20 

were 1.7 ppb (min. 0.3 ppb and max. 3 ppb) during the first period, 1.1 ppb (min. 0.2 ppb and 21 

max. 2.4 ppb) during the second period in 2011, and 1.6 ppb (min. 0.2 ppb and max. 4.8 ppb) 22 

in 2012. Average HONO mixing ratios at the 1.6 m level were 94 ppt (min. 12 ppt and max. 23 

308 ppt) during the first period, 80 ppt (min. 30 ppt and max. 316 ppt) during the second 24 

period in 2011, and 90 ppt (min. 26 ppt and max. 257 ppt) in 2012.  25 

Since vertical mixing ratio differences are the result of the competition between sources and 26 

sinks as well as of transport dynamics, Fig. 2 and Fig. 3 additionally show vertical 27 

temperature differences and the friction velocity u*. Temperature differences reflect 28 

atmospheric stability and u* is a measure of the intensity of turbulent exchange. A typical 29 

diurnal cycle caused by radiative heating and cooling of the surface was observed at the 30 

clearing, with stable conditions (positive temperature differences) during the night and 31 

unstable conditions during the day. The temperature differences between 0.1 m and 1.4 m 32 
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above the ground were up to 6 K during the night and up to -4 K during the day. During stable 1 

conditions, u* dropped and mixing ratio differences increased due to supressed transport. In 2 

the clearing, very stable and calm conditions caused large HONO and NO (not shown) mixing 3 

ratio differences during sunset. Below the canopy at the forest site, diurnal cycles of stability 4 

are typically opposite to those observed at the clearing (Foken, 2008). However, the observed 5 

temperature differences do not feature a clear diurnal pattern and differences are generally an 6 

order of magnitude lower than at the clearing. This can be explained by the reduced heating of 7 

the forest floor and the reduced radiative cooling due to the shading of the canopy. As 8 

windspeed is reduced by the canopy as well, the friction velocity is on average a factor of 9 

three to four lower. Maximal values of u* were 0.46 m s-1 in the clearing and 0.16 m s-1 on the 10 

forest floor, respectively. HONO differences in the clearing (1.6 m to 0.1m) shown in Figs. 11 

2c,d feature distinct diurnal cycles with positive gradients at night indicating net deposition 12 

and negative gradients during day indicating net emission. On the forest floor, HONO 13 

differences were either positive or close to zero, i.e. net emission was not observed (Fig. 3b). 14 

 15 

We calculated net HONO fluxes from selected profiles using the aerodynamic gradient 16 

technique (cf. Wolff et al., 2010). Despite the fact that u* was measured at 2.25 m on a 17 

separate tower about 20 m from the profile measurements at the clearing, the measurements 18 

were influenced by the same ground cover (dimensions of clearing ~ 300 x 400 m). At the 19 

forest floor both measurements were collocated (~2 m distance and u* measured in 2 m 20 

height). Mixing ratio differences were considered to be representative for the air layer 21 

between 1.6 m and 0.1 m at the forest floor, but at the clearing differences between 1.6 m and 22 

0.4 were taken as 0.1 m was below the zero plane displacement height (d). 23 

The calculated daytime net emission fluxes of HONO at the clearing were in the range of 0.01 24 

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 three 25 

lower than fluxes reported for another rural forested site (Zhou et al., 2011; Zhang et al., 26 

2012) and about an order of magnitude lower than for semi-rural and urban sites (Harrison 27 

and Kitto 1994; Harrison et al. 1996; Ren et al., 2011). However, these fluxes are higher than 28 

the values observed at Blodgett Forest (Ren et al., 2011). The mean HONO net emission flux 29 

estimate of 0.04 nmol m-2 s-1 with a corresponding mixing ratio of 65 ppt at 1.6 m at the 30 

clearing compares reasonably well with the somewhat lower fluxes at Blodgett Forest (flux < 31 

0.01 nmol m-2 s-1; 20-30 ppt) and with the somewhat higher fluxes at the PROPHET site 32 

(mean flux 0.19 nmol m-2 s-1; 70 ppt). The low fluxes at Blodgett Forest have been attributed 33 
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to the alkalinity of the soil, which, according to acid- base and Henry's Law equilibrium (Su et 1 

al., 2011), should enhance HONO uptake or hinder the release. The calculated fluxes indicate 2 

the existence of a daytime ground source, whose strength is comparable in order of magnitude 3 

to that found in other studies in rural forested areas. Nighttime net deposition fluxes (0.006 ± 4 

0.003 nmol m-2 s-1; N = 12) were about a factor of seven lower than daytime net emission 5 

fluxes at the clearing (see Sect. 3.3.1). 6 

At the forest floor, only net deposition was observed with fluxes varying between zero and 7 

about 0.012 nmol m-2 s-1 (mean: 0.004 ± 0.003; N = 52) for the selected days (4 -7 Sep 2012). 8 

Hence, net deposition fluxes at the forest floor were comparable to nighttime net deposition at 9 

the clearing. Assuming that daytime deposition fluxes at the clearing are within the same 10 

range, emission fluxes at the clearing are at least about 15 % higher than the net fluxes. If 11 

considerable stomatal uptake of HONO, as proposed by Schimang et al. (2006), occurs, the 12 

daytime deposition would be much higher than during nighttime due to stomatal aperture. 13 

Hence, to sustain the observed net emission fluxes, the HONO emission from the ground 14 

would be even higher. 15 

 It should be noted that the derived fluxes should be considered as rough estimates for several 16 

reasons. The profiles were measured sequentially and not simultaneously at the different 17 

heights. Hence, only profiles under stationary conditions were evaluated, i.e. when mixing 18 

ratio changes between two profile cycles were small at each measurement height. This was 19 

mainly the case from 22:00 to 4:00 during night and from 11:00 to 15:00 during day. 20 

Furthermore, the mixing ratio differences during daytime were rather small (5 to 26 ppt; mean 21 

14 ppt). The differences were 1.3 to 8.5 times the standard deviation of the mean values at one 22 

height and larger than the combined errors (sum of standard deviations of both heights). 23 

Differences that were smaller than the combined standard deviation were omitted for the flux 24 

calculations. Besides the uncertainty in the mixing ratio differences, the estimate of the zero-25 

plane displacement height d has considerable influence on the fluxes. We used d = 0.7 times 26 

the canopy height (Foken, 2008) with a canopy height of 0.25 m of the surrounding blueberry 27 

canopy (Falge, 2014 personal communication) at the clearing. As roughness elements (like 28 

dead wood, blueberry, small spruce and grass) were distributed very inhomogeneously, it is 29 

unclear if the applied displacement height is appropriate and would hold for all wind 30 

directions. If the canopy height would have been chosen as 0.4 m instead, the fluxes would 31 

decrease by about 20 %. Compared to the error of the mixing ratio differences and of the 32 

displacement height, the error in u* is expected to be negligible. At the forest floor we 33 
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measured at a flat surface covered with moss that has a comparably low roughness (d = 0.007 1 

m), thus the fluxes are less sensitive to small differences in d. 2 

 3 

3.3 HONO sinks 4 

3.3.1 Deposition 5 

 6 

Except for the uptake of HONO by aerosol surfaces, no considerable gas phase HONO sinks 7 

exist in the absence of light. This implies that dry and wet deposition are the most important 8 

loss pathways in the dark. 9 

Net deposition means that although HONO formation by either heterogeneous 10 

disproportionation of NO2 or direct soil emission may take place, net deposition is observed 11 

because the production of HONO is smaller than the loss by deposition. For our study, soil 12 

emissions can be neglected (see 3.4.1). Calculated nighttime deposition velocities of 0.08 to 13 

0.5 cm s-1 (mean 0.24 ± 0.13) at the clearing were in the lower range of reported values at 14 

0.08 to 6 cm s-1 (Harrison and Kitto 1994; Harrison et al., 1996; Stutz et al., 2002).  15 

At the forest floor, deposition was the dominating process during day and night. The vertical 16 

profiles (Fig. 3b) do not provide evidence that HONO emission from the ground surface takes 17 

place because the differences are either positive or ambiguous within the uncertainty range. 18 

The HONO deposition velocities ranged from 0.03 to 0.4 (mean 0.16 ± 0.08 cm s-1), which is 19 

in the lower range of previously reported values (e.g., Harrison et al., 1996, Stutz et al., 2002) 20 

and a factor of 1.5 lower than at the clearing. To our knowledge, measured HONO fluxes at 21 

forest floors have not been reported up to now. 22 

In a modelling study, Wong et al. (2011) pointed out that nighttime deposition is an important 23 

part of HONO cycling, which was recently confirmed by vertical profile measurements 24 

(VandenBoer et al., 2013). VandenBoer et al. (2013) proposed that the deposited HONO 25 

might form a reservoir that is re-emitted during the day, and, can thus explain a significant 26 

fraction of the missing daytime source. For the forest floor, we can exclude this pathway as a 27 

general source of HONO because no emissions were observed. This is in line with laboratory 28 

studies, which showed that HONO can be taken up by plants (Schimang et al., 2006) and soil 29 

(Donaldson et al., 2014). Due to the limited available data we cannot exclude that re-emission 30 

may occasionally take place. However, we showed that net deposition (even if it is small) 31 

persists during the day at the forest floor during our measurement period. Thus, sources and 32 
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sinks coexist over small spatial scalessources and sinks coexist on small scales, which has to 1 

be taken into account for measurements at elevated levels that integrate over larger areas 2 

(horizontal heterogeneity), as well as for measurements above the canopy (vertical 3 

heterogeneity). The prevailing HONO deposition at the forest floor might also explain the 4 

poor correlations of HONO and NO2 found during the EGER IOP-1 campaign at the same site 5 

both at the forest floor and above the canopy in September 2007 (Sörgel et al., 2011b). 6 

 7 

3.3.2 Photolysis 8 

 9 

Photolysis has been identified as the dominating HONO loss process during the day (e.g., 10 

Kleffmann, 2007; Su et al., 2008; Sörgel et al., 2011a; Wong et al., 2013; VandenBoer et al., 11 

2013; Oswald et al., 2014). We calculated the HONO loss rates from photolysis frequencies 12 

and HONO mixing ratios within a boundary layer height of 1000 m in two different ways: (a) 13 

the measured HONO mixing ratio at 1.6 m was used for the entire volume or, (b) assuming a 14 

linear HONO profile throughout the boundary layer to account for elevated HONO levels 15 

close to the ground as observed by Zhang et al. (2009) and VandenBoer et al. (2013). The 16 

artificial linear HONO profile was created using the measurements at 1.6 m and a background 17 

level (free troposphere) of 10 ppt (Zhang et al., 2009). The geometric mean of these values 18 

was used to calculate the HONO loss within the boundary layer volume. Using these two 19 

simplified approaches yields loss rates of (a) 0.2-1 ppb h-1 and (b) 0.08-0.5 ppb h-1. These 20 

values are within the range of values reported for the unknown HONO source (e.g. Kleffmann 21 

2007). This is not surprising because the photolytic loss and the unknown source were found 22 

to be the dominant terms of the HONO budget for low NOx levels (e.g., Sörgel et al., 2011a; 23 

Oswald et al., 2014), i.e. in the absence of other sources and sinks the photolytic loss equals 24 

the unknown source. Integrating the photolytic loss term over a boundary layer height of 1000 25 

m and converting it into a surface flux yields mean fluxes of (a) 4.6 nmol m-2 s-1 and (b)  26 

2 nmol m-2 s-1 respectively, which is a factor 100 and 40 higher than the mean emission flux 27 

derived from the measurements at the clearing (see Sect. 3.2). Consequently, the contribution 28 

of the surface emissions to the HONO source would be in the order of a few percent. This is 29 

in agreement with a proposed internal volume source (Li et al., 2014) and estimates of ground 30 

source contributions of about 20 % derived from measured boundary layer profiles (Zhang et 31 

al., 2009; Li et al., 2014). A much higher contribution of the ground source of more than 80 % 32 

was found in a modelling study byClose to the ground (lowest 35 m) a contribution of more 33 
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than 60 % was found in modelling studies  (Czader et al., 2012; Wong et al. (2013). As these 1 

studies were conducted in the urban area of Houston (Texas, USA), which is characterized by 2 

higher direct HONO emissions and higher levels of NOx compared to our site, the relative 3 

contribution of the ground source in the lowest 35 m might be higher for  our site. 4 

Nevertheless, the contribution was reduced to about 50 % by integrating the lowermost 300 m 5 

(Wong et al., 2013), and, therefore integrating over a boundary layer height of 1000 m will 6 

further reduce this contribution. that was based on profile measurements in the lowest 300 m 7 

of the boundary layer (Wong et al., 2012). As none of the other boundary layer profile 8 

measurements have been analysed with a chemistry-transport model up to now, this issue 9 

remains unclear.it remains unclear if the differences in HONO budgets (ground versus gas 10 

phase) are real or are caused by the different assumptions and simplifications in the different 11 

approaches. 12 

 13 

3.4 HONO ground sources 14 

 15 

The existence of a HONO ground source was confirmed by profile (e.g., Zhang et al., 2009; 16 

VandenBoer et al., 2013) and flux measurements (Zhou et al., 2011; Ren et al., 2011). In the 17 

following we compare the measured ground source to estimates for three different proposed 18 

formation mechanisms based on measured quantities. 19 

3.4.1  Soil emissions 20 

 21 

For both the forest and the clearing site, a set of soil samples was collected from two different 22 

ground cover types and potential HONO emission fluxes were measured using a dynamic 23 

chamber in the laboratory (for details see Appendix). HONO fluxes were mostly within the 24 

calculated uncertainty range (Fig. S6). The sample taken directly below the lift system at the 25 

clearing (sample 4, Fig.S6) was the only sample for which potential emissions were observed. 26 

From those measurements we derive an upper limit for the HONO soil emission flux of 0.025 27 

± 0.015 nmol m-2 s-1. This flux also represents an upper limit with regard to the experimental 28 

conditions as the chamber was flushed with zero air and the samples were measured at 25 °C. 29 

During the field measurements, the soil temperature at 2 cm depth did not exceed 20 °C at the 30 

clearing. Comparison of the maximal fluxes measured in the laboratory (0.025 nmol m-2 s-1) 31 

with maximal fluxes calculated from soil nitrite (0.35 - 0.99 mg kg-1 in terms of N) and pH 32 
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(3.0 - 3.4) values (F(HONOmax) = 1810 nmol m-2 s-1) according to Su et al. (2011) reveals that 1 

the measured fluxes are at least four orders of magnitude lower. For the calculations we used 2 

a gravimetric soil water content of ϑsoil= 0.2 kg kg-1, a transfer velocity (vtr) of 1 cm s-1 (Su et 3 

al., 2011) and measured pH and nitrite values (see Table S1). The discrepancy between our 4 

measurements and the calculations according to Su et al. (2011) reduces to about a factor of 5 

50 when vtr is determined for our measurement setup instead of using a fixed value of 1 cm s-6 
1. The transfer velocity vtr was determined by calculating the soil resistance according to 7 

Moldrup et al. (2000) from measured soil properties for the Waldstein site (Bargsten et al., 8 

2010) and using the aerodynamic resistance (Raero = 90 s m-1) from a chamber system of 9 

similar design and dimensions (Pape et al., 2009). This comparison emphasizes the 10 

importance of explicitly considering mass transfer between the soil and atmosphere. 11 

Additionally, based on soil nitrite (~1 µg g-1 N) and pH (~3) values at our site, one would 12 

expect rather high HONO emissions according to the acid base and Henry’s law equilibrium. 13 

Hence, it seems more likely that microbes are directly involved in the HONO formation as 14 

proposed by Oswald et al. (2013), but microbial activity in our samples was low due to the 15 

low pH (~ 3) of the organic soil (e.g., Matthies et al., 1997; de Boer and Kowalchuk, 2001 16 

and Rousk et al., 2010). Maljanen et al. (2013) found that some acidic forest soils emit 17 

measurable amounts of HONO and, thus, proposed nitrogen availability for the microbes as 18 

an important factor controlling HONO emissions. The mechanisms controlling HONO 19 

emissions from soils (microbial production versus physicochemical release) are still under 20 

debate. Maximum emissions for neutral to alkaline soils were attributed to the activity of 21 

ammonium oxidizing bacteria (Oswald et al.2013). Donaldson et al. (2014b) studied the effect 22 

of surface acidity of soil particles (in contrast to the bulk soil pH) on HONO uptake. Their 23 

study confirmed that rather the acidity of the particles than the bulk pH determined the 24 

HONO exchange, which could explain HONO emissions at high (bulk) pH. Nevertheless, this 25 

mechanism is applicable to mineral soils only. A Another nother possible effect would be 26 

HONO loss in the soil by chemodenitrification as proposed by Clark (1962). During 27 

chemodenitrification in the soil, HONO is converted to NO and N2O depending on pH and 28 

organic content with the highest conversion rates at low pH and high organic content (e.g. 29 

Allison 1963, van Cleemput and Baert 1984; Ventera et al., 2005). A recent flow tube study 30 

(Donaldson et al., 2014a)  reports 16 % NO and 13 % N2O yield from HONO adsorbing to a 31 

mineral soil (less than 3 % organic and pH of 6.5). Thus, based on the prior semi quantitative 32 

studies high loss rates could be expected. The acidic conditions of the organic soil at the 33 
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Waldstein site may lead to additional HONO loss by chemodenitrification and, thus, low soil 1 

HONO emissions.  2 

 3 

3.4.2 Light-induced NO2 conversion 4 

 5 

HONO fluxes from light-induced NO2 conversion were calculated by assuming that the flux 6 

from the surface equals the chemical formation at the surface. HONO is formed by reactive 7 

collisions of NO2 with the humic acid surface, and Stemmler et al. (2007) defined their uptake 8 

coefficient (γrxn) as the ratio of these reactive collisions to the number of gas-kinetic collisions 9 

of NO2 molecules with the surface. Hence, we calculated the HONO flux by multiplying the 10 

number of gas kinetic collisions given by Eq. (1) with the reactive uptake coefficient given by 11 

Eq. (2) (Stemmler et al., 2007):  12 
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 15 

where Zw is the number of collisions per time (s) and area (m2), n is the volume number 16 

density per m3
, ω is the mean thermal velocity of NO2

 in m s-1, [NO2] is the NO2 mixing ratio 17 

in ppb measured at 10 cm above the surface, and F is the actinic flux in the 400-750 nm range 18 

in photons per m3 and s-1. For simplicity, we used the irradiance in the 400-700 nm range 19 

(equivalent to the photosynthetic active radiation (PAR)) instead of the actinic flux from 400-20 

750 nm for F because this value can be directly compared to measurements and to the model 21 

output of the TUV. Furthermore, in the study of Stemmler et al. (2007) the actinic flux of the 22 

lamps and absorption of the humic acid was low in the 700-750 nm wavelength range, thus 23 

having a small influence on the reactive uptake. Since our simple model assumes a smooth 24 

flat surface of 1 m2 completely covered with humic acid, it is well justified to use the 25 

irradiance instead of the actinic flux. 26 

Calculation of the HONO flux using equations 1 and 2 with NO2 mixing ratios measured 10 27 

cm above the surface and modelled irradiance resulted in light-saturation of HONO formation 28 

in the early morning at about 7:00 CET and it remains independent of light intensity for most 29 

of the day (see Fig. 4). In addition, the saturation itself is dependent on NO2 with the fastest 30 

saturation observed for low NO2 mixing ratios. Stemmler et al. (2006) explain this behaviour 31 

by two competing processes: a) the light driven formation of the “reductive centres” that react 32 
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with NO2 and b) the competing light driven formation of oxidants that deactivate these 1 

reductive centres. If more NO2 is available at the surface the reaction rate increases and the 2 

deactivation rate decreases. A saturation of the surface with respect to NO2 is observed for 3 

mixing ratios > 50 ppb (Stemmler et al., 2006; Stemmler et al., 2007). If this saturation 4 

behaviour (with respect to light intensities) also prevails on natural surfaces, at mixing ratios 5 

below 1 ppb the unknown HONO source should be well-solely correlated with NO2 6 

independent from radiationonly at mixing ratios below 1ppb, which to our knowledge has not 7 

been reported up to now. Previous studies found that the unknown HONO source correlated 8 

with j(NO2) or irradiance with only a minor dependence on NO2 (e.g., Su et al., 2008; Sörgel 9 

et al., 2011a; Wong et al., 2012). However, the type and structure of photosensitizers on 10 

natural surfaces might differ substantially from a pure humic acid film and, thus, might not be 11 

saturated at high light intensities. For example for humic acid dissolved in ice, Bartels-Rausch 12 

et al. (2010) did not observe deactivation of the surface uptake. However, only actinic fluxes 13 

of up to about 100 W m-2 (400-700 nm) were considered, compared to irradiance values of 14 

about 400 W m-2 in the same wavelength range around noon in our study. Consequently, we 15 

consider the lightsaturation of NO2 conversion on organic surfaces as a key issue for 16 

determining the role of this HONO formation pathway in the environment. 17 

 18 

3.4.3 Photolysis of adsorbed HNO3 19 

 20 

The photolysis of HNO3 adsorbed to surfaces has also been suggested as a source of HONO 21 

(e.g., Zhou et al., 2002; Zhou et al., 2011). We measured the leaf nitrate loadings of young 22 

spruce trees (up to 1.6 m height) at the clearing close to the HONO measurement setup. A 23 

detailed description of the sampling and the calculations can be found in the supplementary 24 

material. Unfortunately, measurements of the nitrate loadings on the grass below the HONO 25 

inlets are not available, but we assume that they are comparable to the nitrate loadings of the 26 

trees. Nitrate loadings at the forest site were not measured, but the contribution of HNO3 27 

photolysis is expected to be much lower than at the clearing as the available radiation is 28 

attenuated by the canopy by a factor of about 10 – 25 (Sörgel et al., 2011b). Furthermore, we 29 

have found no evidence for a HONO source at the forest floor (cf. Sect. 3.2). 30 

The nitrate loadings of the young spruce trees at the clearing are 1.7 ± 0.7 x 10-5 mol m-2, 31 

which is in relatively good agreement with the value of 0.8 ± 0.3 x 10-5 mol m-2 reported by 32 

Zhou et al. (2011). Both research sites are located in rural forested areas, but considering the 33 
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influence of different environmental variables, such as NOx mixing ratios, precipitation 1 

intensity and plant surfaces, all of which influence HNO3 formation and deposition, a 2 

variation by a factor of two may be expected. 3 

The potential HONO emission fluxes from the photolysis of adsorbed HNO3 were calculated 4 

using three different approaches: 5 

i) All measured nitrate represents adsorbed HNO3 at the top surface of the needles, and 6 

HONO formation from photolysis of adsorbed HNO3 proceeds with an empirical 7 

enhancement factor of 43 of j(HNO3) (Zhou et al., 2011). 8 

ii) Similar to i) but the nitrate loading is distributed over the whole geometric surface of 9 

the needles (Oren et al., 1986), thus, a factor of 2.65 less HNO3 is exposed to 10 

radiation. 11 

iii) The photolysis frequency of adsorbed HNO3 is calculated directly from the absorption 12 

cross section of adsorbed HNO3 on fused silica reported by Zhu et al. (2008) and the 13 

corresponding irradiance calculated by the TUV model. This photolysis frequency 14 

multiplied with the nitrate loading according to ii) yields the NO2 formed at the 15 

surface. Then, HONO formation is calculated as described in Sect. 3.4.2. To derive the 16 

reactive uptake coefficient according to Eq. (2) (Stemmler et al., 2007) we used the 17 

irradiance integrated over the 290-700 nm wavelength range and calculated the NO2 18 

concentration which is equivalent to the amount of NO2 molecules formed at the 19 

surface by HNO3 photolysis. 20 

 21 

A comparison of j(NO2) values from the TUV model with those calculated from global 22 

radiation measurements by the approach of Trebs et al. (2009) showed a reasonable 23 

agreement. The values agree within 8 % around noon. 24 

Figure 5 summarizes the results of the different approaches. Based on empirical factors of 25 

light enhancement and HONO formation (Zhou et al., 2011) approaches i) and ii) yielded a 26 

light-dependent HONO source in the same order of magnitude as the estimated HONO fluxes 27 

(0.04 ± 0.02 nmol m-2 s-1; see Sect. 3).The calculated potential HONO fluxes according to 28 

approach i) are a factor of two higher (about 0.46 nmol m-2 s-1) than those of Zhou et al. 29 

(2011) (0.25 nmol m-2 s-1), which is consistent with the factor of two higher nitrate loading 30 

measured at our site. However, we consider approach ii) to be more realistic. The diurnal 31 

cycle of this source (Fig. 5) follows j(HNO3) as the mean nitrate loading is used for the 32 
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calculation. This seems to be valid as we found rather constant surface nitrate loadings during 1 

different times of the day (see Fig. S4).  2 

Approach iii), a combination of photolysis of adsorbed HNO3 and light-induced conversion of 3 

the photolysis product NO2 (see also section 3.4.2) as proposed by Zhou et al. (2011), reveals 4 

several interesting findings: 5 

• The calculated photolysis frequency of adsorbed HNO3 is higher than in the gas phase 6 

by a factor of 2000. 7 

• The lifetime of adsorbed HNO3 with respect to photolysis is only about 15 min at 8 

noon. 9 

• NO2 formed at the surface by HNO3 photolysis corresponds to a mixing ratio of NO2 10 

in the gas phase of only a few ppt. 11 

If the strongly enhanced photolysis of adsorbed HNO3 is valid for natural surfaces, this would 12 

have important implications for HNO3 deposition. HNO3 would most likely be an 13 

intermediate with a lifetime comparable to that of HONO (about 15 min at noon) than a final 14 

sink for NOx. However, even if photolysis of adsorbed HNO3 is strongly enhanced, formation 15 

of HONO would be rather slow if the subsequent reaction of NO2* (Abida et al., 2012) occurs 16 

via the light-induced NO2 conversion (Stemmler et al., 2006) as proposed by Zhou et al. 17 

(2011). As shown in sect. 3.4.2 the light induced conversion is light saturated during most of 18 

the day especially for low NO2 mixing ratios. If we compare the number NO2 molecules 19 

formed at the surface through HNO3 photolysis to the number of NO2 molecules hitting the 20 

surface through gas kinetic collisions this would correspond to a mixing ratio of a few ppt 21 

only. Thus, this pathway would not compete with ambient NO2 for the conditions in our 22 

study. Hence, a different NO2* reaction mechanism to explain the proposed HONO formation 23 

from HNO3 must exist. A potential pathway for NO2* to form HONO would be the reaction 24 

with water (e.g., Crowley and Carl 1997; Amedro et al., 2011). Sörgel et al. (2011a) 25 

speculated that the reaction of NO2* with water at the surface might be faster than the 26 

respective gas phase reaction, which is not of atmospheric importance (e.g., Crowley and Carl 27 

1997; Sörgel et al., 2011a; Amedro et al., 2011). The formation of NO2* (either from HNO3 28 

photolysis or directly in the gas phase) is not the limiting step, as in the gas phase j values for 29 

excitation (NO2 => NO2*) are about a factor of fife higher under typical tropospheric 30 

conditions (Crowley and Carl, 1997) than for photo dissociation of NO2. The limiting step is 31 

the small portion of reactive quenching of NO2* by water vapour as the majority of excited 32 

NO2 molecules gets deactivated by collision with N2, O2 and water vapour. According to 33 
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Abida et al. (2012), deactivation of NO2* is much faster at the surface than in the gas phase, 1 

thus reducing the probability for reactive quenching with water and formation of HONO. For 2 

a quantitative evaluation of this reaction pathway, knowledge of the ratio of deactivation to 3 

reactive quenching of surface adsorbed NO2* and H2O is crucial. Another pathway might be 4 

the photolysis of nitrate in aqueous solution that has been reported to yield HONO and NO2 5 

(Scharko et al. 2014), whereby HONO formation was attributed to efficient hydrolysis of NO2 6 

that is formed in solution. 7 

 8 

  9 
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3.5 Comparison of calculated fluxes and source estimates 1 

 2 

Transferring the HONO formation mechanisms proposed from laboratory measurements to 3 

field conditions involves uncertainties as discussed in detail in the previous sections. 4 

However, except for HNO3 photolysis (Zhou et al., 2011) these source mechanisms have  not 5 

been quantified in field studies up to now. Furthermore, to our knowledge the various 6 

reactions have not been studied under natural conditions, except for a proof of principle with 7 

irradiated bare soil as a natural humic acid environment (Stemmler et al., 2006), and the 8 

empirically derived HNO3 conversion factors (Zhou et al., 2003).  In Figure 6 all source 9 

estimates and the observed flux estimates from the field are summarized. The main findings 10 

are a) that all sources are within the same order of magnitude, and b) due to the large 11 

systematic uncertainties of the source estimates and the potentially large errors of the flux 12 

estimates, none of the sources can be favoured or excluded.  13 

The soil flux was the only source to be measured directly, and these measurements were 14 

performed in the laboratory. The soil HONO flux would likely be lower in the field as the soil 15 

at the site was covered by vegetation which can take up HONO (Schimang et al., 2006) and 16 

because ambient HONO mixing ratios were above zero. NO2 mixing ratios dropped below 17 

500 ppt in the afternoon, leading to very low HONO fluxes from light-induced NO2 18 

conversion. Surprisingly, this photochemical source did not show a diurnal cycle but became 19 

light-saturated early in the morning and, thus, was solely dependent on NO2 mixing ratios. It 20 

remains an open question whether light saturation occurs also on natural surfaces. The 21 

photolysis of adsorbed HNO3 produced considerable HONO fluxes ((even for case ii), Sect. 22 

3.4.3) when using an empirically derived HONO conversion factor (Zhou et al., 2003; Zhou et 23 

al., 2011). In contrast, the proposed mechanism based on reaction kinetics ((case iii), Sect. 24 

3.4.3) failed to produce considerable amounts of HONO. Although some of the sources were 25 

unexpectedly small, the combination of all three sources yields much higher fluxes than 26 

measured in the field. This may be attributed to enhanced deposition of HONO during the day 27 

due to stomata opening and take-up by plants (Schimang et al., 2006), which would reduce 28 

measured net emission fluxes. However, the contribution of daytime deposition has not been 29 

measured up to now. 30 
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4 Conclusions 1 

Our results reveal that the forest floor was predominantly a net sink for HONO, and the 2 

clearing constitutes a net sink for HONO during nighttime and a net source during daytime. 3 

Hence, net sources and net sinks coexist in heterogeneous landscapes.  4 

HONO emissions calculated for three proposed mechanisms agreed with the measured fluxes 5 

within one order of magnitude. On the one hand, this shows that the postulated sources are of 6 

the right order of magnitude, but on the other hand, even the presented comprehensive data 7 

set including vertical profiles is not sufficient to exclude or confirm one individual source. 8 

The detailed investigation of three potential HONO sources, i.e., soil emissions, NO2 9 

conversion with humic acids and photolysis of adsorbed HNO3, revealed important findings: 10 

 11 

• Soil emissions were found to be several orders of magnitude lower than expected from 12 

the model of Su et al. (2011), and calculated fluxes are very sensitive to the 13 

parameterization of mass transfer from the soil to the atmosphere. Furthermore, acidic 14 

soils do not necessarily favour HONO emissions. Emissions are a factor of 700 higher 15 

for agricultural soils (Oswald et al., 2013), thus emissions might be highly influenced 16 

by microbial activities.  17 

• NO2 conversion on humic acid surfaces was found to be light-saturated from the early 18 

morning throughout most of the daytime under ambient conditions and, thus, only 19 

dependent on NO2. This saturation effect has not been observed in field measurements 20 

up to now. Consequently, we could not identify the expected correlation of HONO 21 

formation with j(NO2) for this reaction. Furthermore, at low NO2 levels this source is 22 

very small at our site. 23 

• Photolysis of adsorbed HNO3 was found to explain the estimated HONO fluxes when 24 

using an empirical parameterization for HONO formation, but it failed to produce 25 

noticeable amounts of HONO when the formation was calculated according to the 26 

proposed mechanism and literature values for adsorption cross sections and reaction 27 

kinetics. 28 

Since HNO3 photolysis is not correlated to j(NO2) either, the correlation of the unknown 29 

HONO source to j(NO2) as observed for example by Su et al. (2008) and Sörgel et al. (2011a) 30 

might originate from the unbalanced photolytic loss term of HONO (j(HONO)x[HONO]). 31 

This loss term is highly correlated to j(NO2) in the budget calculations (Oswald et al., 2014), 32 

and is generally interpreted as the unknown source. Recently, an internal source of HONO in 33 
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the boundary layer from the interconversion between NOx and HOx has been postulated with a 1 

contribution of about 75 % (Li et al., 2014). Such a source would explain the observed 2 

correlation to j(NO2) or j(HONO). In our study, the surface emission flux of HONO is only in 3 

the order of a few per cent of the calculated photolytic loss within the boundary layer , which 4 

is even less than estimated from boundary layer profile measurements (~20 % ground 5 

contribution; Zhang et al., 2009; Li et al., 2014). 6 

However, a daytime ground source of HONO exists that can produce additional OH, thus 7 

enhancing the oxidation capacity of the lower troposphere. The relative contributions of 8 

ground sources and volume sources and, hence, the contribution of HONO to primary OH 9 

formation remains to be quantified by combining field measurements with the application of 10 

chemistry and transport models.  11 

 12 
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 1 
Figure 1: Temperature (red), relative humidity (RH, black) and precipitation (blue) averaged for a 10 min 2 

interval are shown in panels a) for 25th June to 15th July 2011 (IOP-3), and b) for 1st September 2012 to 11th 3 

September 2012 (IOP-4). Periods when HONO vertical profiles were measured are indicated by grey bars at the 4 
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top of the graphs. Panels c) and d) show solar global irradiance (black) and j(HONO) in dark yellow, calculated 1 

according to Trebs et al. (2009), for the respective campaigns. Additionally, j(HONO) at the forest floor (orange) 2 

was calculated by applying a factor of 10 taking into account attenuation by the canopy (cf. Sörgel et al., 2011b). 3 

All data were taken from the “Pflanzgarten” site. 4 

 5 

 6 

 7 

Figure 2: HONO (blue), NO (black) and NO2 (grey) mixing ratios measured at the clearing at 1.6 m averaged for 8 

each height interval (i.e. omitting the first data points according to the time resolution of the instruments) from a) 9 

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 10 

mean; HONO: 3 min mean). Missing NO values are below the detection limit (LOD2σ = 50 ppt). Vertical 11 

temperature differences (red triangles and line) and HONO mixing ratio differences (blue dots and line) for each 12 

cycle (~ 30 min) are shown in c) and d) as well as the friction velocity (30 min mean) in grey shading. 13 

Differences of mean HONO values measured at 1.6 m and 0.1 m are presented and error bars denote combined 14 

standard deviations. For temperature, differences between 1.4 m and 0.1 m are shown. 15 

 16 
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 1 
Figure 3: HONO (blue), NO (black) and NO2 (grey) mixing ratios measured at the forest floor at 1.6 m averaged 2 

for each height interval (i.e. omitting the first data points according to the time resolution of the instruments) 3 

from 3 September  to 9 Sept 2012 (NOx: 7 min mean; HONO: 6 min mean) are shown in a). Missing NO values 4 

are below the detection limit (LOD2σ = 50 ppt). Vertical temperature differences (red triangles and line) and 5 

HONO mixing ratio differences (blue dots and line) for each cycle (~ 30 min) are shown in b) as well as the 6 

friction velocity (30 min mean) in grey shading. Differences of mean HONO values measured at 1.6 m and 0.1 7 

m are presented and error bars denote combined standard deviations. For temperature, differences between 1.6 m 8 

and 0.1 m are shown. 9 

  10 
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 1 
Figure 4: Diurnal cycles of HONO emission fluxes caused by light induced NO2 conversion for different NO2 2 

mixing ratios are shown in a). The corresponding correlations of HONO formation with j(NO2) are presented in 3 

b). 4 

 5 

 6 

 7 
Figure 5: HONO fluxes from photolysis of adsorbed HNO3 calculated by three different approaches (for details 8 

see text). Diurnal cycles of the HONO fluxes are shown in a), whereas b) shows the relationship between HONO 9 

fluxs and j(NO2). 10 

 11 
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 1 
Figure 6: Comparison of measured HONO fluxes at the clearing on 12 July 2012 with estimates of potential 2 

HONO sources. Black stars represent the fluxes derived from the aerodynamic gradient method. Blue diamonds 3 

are HONO fluxes calculated from the measured nitrate loadings according to Zhou et al. (2011) but using the 4 

geometric needle area (see Sect. 3.4.3, approach ii). Brown dots are calculated HONO fluxes according to 5 

Stemmler et al. (2007) assuming a flat surface covered with humic acid. The grey horizontal line marks the 6 

upper limit of soil HONO fluxes derived from laboratory dynamic chamber measurements.  7 
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1 Site description 1 

 2 

A detailed description of the research area and measurement sites can be found in Gerstberger 3 

et al. (2004), Staudt and Foken (2007) and Foken et al. (2012). A detailed description of the 4 

clearing site and the intensive campaign EGER IOP-3 can be found in Serafimovich et al. 5 

(2011). Figure S1 shows the heterogeneity of the area and the three measurements sites. 6 

 7 

 8 

Figure S1: Aerial view (data source: Bayerische Vermessungsverwaltung – www.geodaten.bayern.de) of the 9 
measurement sites shows the heterogeneous forest landscape of the research area with the marked sites forest 10 
floor (FF), clearing (CL) and “Pflanzgarten” (PF). The white area on the left side of the picture is a stone pit. 11 
Most roads are forest roads except the curvy road running from the middle of the bottom of the picture to the 12 
upper left corner (i.e. from the south to the north-west of the measurement sites). This road is a country road with 13 
about 2100 cars per working day (Foken et al., 2012). The clearing has the dimensions of ~ 300 x 400 m. 14 

 15 

2 Lift system  16 

 17 

Figure S2 shows the lift system used for sampling at different heights. The system consists of 18 

a vertical linear guide system (Igus, Cologne, Germany) and a stepper motor with a custom 19 

built control unit (electronics workshop, University of Bayreuth). The heights are 20 

programmable and ranged between 0.1 m above ground level to 1.6 m above ground level. 21 
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 1 

Figure S2: External sampling unit of the LOPAP (grey box) and inlet for NOx installed on the lift system at the 2 
forest floor. Three positions (1.6 m, 0.4 m and 0.1 m) used for the profile measurements are indicated in red. 3 

 4 

3 Measured trace gas profiles (all heights) 5 

 6 

The following figures (Figure S3 to S5) show the trace gas profiles of NO, NO2 and HONO 7 

that were measured consecutively by the above described lift system. The first period of the 8 

2011 camping is shown in Fig. S3, the second part in Fig. S4. In between the instrument was 9 

broken. Measurements were made in a clearing (see Fig. S1). Figure S5 shows the 10 

measurements at the forest floor (see Fig. S2) during the 2012 campaign. 11 

 12 
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 1 

Figure S3: Trace gas profiles measured during the first period of the 2011 campaign in the clearing. The profiles 2 
were measured consecutively with a lift system. Heights are 0.1 m, 0.4 m and 1.6 m above ground. Panel a) NO, 3 
panel b) NO2 and panel c) HONO.  4 

 5 
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 1 

Figure S4: Trace gas profiles measured during the second period of the 2011 campaign in the clearing. The 2 

profiles were measured consecutively with a lift system. Heights are 0.1 m, 0.4 m and 1.6 m above ground. Panel 3 

a) NO, panel b) NO2 and panel c) HONO. 4 

 5 
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 1 

Figure S5: Trace gas profiles measured during the 2012 campaign at the forest floor. The profiles were measured 2 

consecutively with a lift system. Heights are 0.1 m, 0.4 m and 1.6 m above ground. Panel a) NO, panel b) NO2 3 

and panel c) HONO. 4 
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34 Laboratory measurements of soil fluxes 1 

 2 

In order to evaluate potential soil HONO emissions, several soil samples were taken from the 3 

sites where the lift system was located. The soil type is classified as haplic podzol over 4 

granite bedrock (Gerstberger et al., 2004) for this area, but only the soil organic layer (O 5 

horizon) was sampled. This organic layer is characterized by a high water holding capacity 6 

and very low pH values (Gerstberger et al., 2004). On 30 Aug 2012, the first soil sample 7 

(Sample 1) was taken from a hemicycle with a radius of about 10 m around the lift system. 8 

The green moss on top of the soil (0.8 – 1.5 cm) was removed, and the Oe and Oa horizons 9 

were sampled separately in three replicates. These samples were transported on ice in a 10 

cooling box to the laboratory. The Oe soil sample was measured immediately after sampling, 11 

and the Oa soil sample was stored in a refrigerator for 24 h at 4 °C before measurement. For 12 

samples 2-4, which were taken on 11 June 2013, the vegetation cover was removed and the 13 

upper 5 cm of the O horizon was sampled by sampling rings. Three sampling rings have been 14 

taken for one subsample. These samples were transported in a cooling box for about 10 h and 15 

then stored at 4 °C in a refrigerator prior to analysis within the following 3 to 5 days. For each 16 

site (forest/clearing) we chose two different types of understory vegetation for sampling. In 17 

the forest, the soil was covered by moss (Sample 1). As a prior study found higher NO 18 

emissions for blueberry than for moss in that respective forest patch (Bargsten et al. 2010), we 19 

also sampled a stand of blueberries nearby (Sample 2). At the clearing, the understory close to 20 

the lift system consisted mainly of grass and some small blueberry plants (Sample 4). We also 21 

took soil samples from the surrounding, which was dominated by blueberries on moist soil 22 

(Sample 3).  23 
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 1 

Figure S3S6: HONO fluxes from four different soil samples measured in a dynamic laboratory chamber 2 
according to Oswald et al. (2013). Sample 1 was taken from the forest floor covered with moss, whereas for 3 
sample 2 the ground was covered by blueberries. Samples 3 and 4 were taken on the clearing from moist soil 4 
covered by blueberries and from ground covered by grass, respectively. The differences in the errors are due to 5 
different detection limits (0.5 ppt to 6 ppt) for the LOPAP instrument. 6 

 7 

For each understory type, three subsamples were taken. These have been combined into one 8 

sample which was measured in the laboratory system. The laboratory setup to measure the 9 

emission fluxes was described in detail elsewhere (Oswald et al., 2013, Wu et al., 2014). 10 

Briefly, the soil samples were passed through 16 mm sieves (instead of 2 mm), reducing the 11 

influence of the destruction of the structure of soil organic matter on trace gas emission 12 

(Bargsten et al., 2010). Roots were removed to the extent possible, 50 g of soil were put in a 13 

petri dish (OD = 88 mm), and purified water (resistivity 18.2 MΩ cm-1) was added to reach 14 

water holding capacity. The dish was placed in a Teflon chamber (47 L) within a climate 15 

cabinet at 15 °C for Sample 1 and 25 °C for samples 2-4. The chamber was flushed with 8 L 16 

min-1 of dry purified air, and the trace gas mixing ratios (NO, NO2, O3, CO2, H2O and HONO) 17 

were monitored in the chamber outflow. NOx was measured by chemiluminescence (Model 18 

42i-TL Thermo Scientific, Franklin, MA, USA), ozone by UV-absorption (Model 49iThermo 19 

Scientific, Franklin, MA, USA), CO2 and H2O by infrared absorption (Model 840A, LI-COR, 20 



9 

 

Lincoln, Nebraska, USA), and HONO was measured by long path absorption (LOPAP-03, 1 

QUMA Elektronik & Analytik GmbH, Wuppertal, Germany). The least sensitive detection 2 

limit of the LOPAP was 6 ppt, and the resulting minimum detectable flux was 0.004 nmol m-2 3 

s-1. The detection limit for NO was 50 ppt, and the minimum detectable flux was 0.04 nmol 4 

m-2 s-1. The uncertainties of the fluxes were calculated using Gaussian error propagation 5 

according to Oswald et al. (2013). The gravimetric soil water content during the laboratory 6 

soil measurements was calculated from the loss of water using the water vapor measurements 7 

in the sample air (see Oswald et al. 2013). 8 

Soil properties were analyzed according to standard procedures: pH was measured according 9 

to DIN ISO 10390 in a 0.0125 mol l-1 CaCl2 solution. Mineral nitrogen (ammonia, nitrite, 10 

nitrate) was measured according to DIN ISO/TS 14256-1 in a 0.0125 mol l-1 CaCl2 extract 11 

with photometric detection of nitrite after reduction of nitrate to nitrite. 12 

 13 

Table S1: Soil pH and nutrient content (NH4
+; NO2

- and NO3
-) for the measured samples in comparison to 14 

previously published values (Bargsten et al., 2010 and Gerstberger et al., 2004). * pH values measured 15 
by pH electrode in soil solution (water). 16 

Sample 

bm = before measurement 

am = after measurement 

pH NH4-N NO2-N NO3-N 

– [mg/kg] [mg/kg] [mg/kg] 

This study     
Sample 1 (bm) 3.2 239.6 0.35 36.9 
Sample 2 (bm) 3.4 49.7 0.50 5.0 
Sample 2 (am) 3.4 6.3 0.33 2.3 
Sample 3 (bm) 3.1 29.2 0.89 4.9 
Sample 3 (am) 2.9 19.4 0.13 1.7 
Sample 4 (bm)  3.0 36.7 0.99 12.9 
Sample 4 (am) 2.8 16.8 0.12 3.4 
Sample 4 (am) replicate 2.8 17.9 0.13 3.3 
Mean (bm) 3.2 38.5 0.79 7.6 
Bargsten et al. (2010)     
M1 (moss) 4.6* 194 - 2 
M2 (moss) 5* 148 - 7 
G1 (grass) 4.1* 207 - 1 
G2 (grass) 3.6* 204 - 2 
S1 (spruce) 3.5* 56 - 11 
S2 (spruce) 3.5* 86 - 1 
B1 (blueberry) 4.7* 139 - 1 
B2 (blueberry) 3.7* 148 - 2 
Mean 4.1* 148 - 3.4 
Gerstberger et al. (2004)      
pH in water Oi horizon 4.5* - - - 
pH in CaCl2 Oi horizon 3.6 - - - 
pH in water Oe horizon 3.8* - - - 
pH in CaCl2 Oe horizon 2.9 - - - 
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 1 

 2 

45 HNO3 photolysis 3 

 4 

We determined the nitrate loading of three spruce trees (Samples 1-19, Table S2) at the 5 

clearing site by foliar rinsing, a method previously used to determine HNO3 deposition fluxes. 6 

It was shown that nitrate recovery rates are generally better than 90 % for this method (e.g. 7 

Marshall and Cadle, 1989; Cadle et al., 1991).  8 

Nitrate was washed off the needles using purified water (18 MΩ) by exposing a branch length 9 

of about 8 cm to 20 ml purified water in a 40 ml polyethylene flask, and swirling the flask for 10 

2 min to assure mixing in the solution and wetting of all parts of the branch. The solution was 11 

measured by ion chromatography (Central Analytical Laboratory, University of Bayreuth). 12 

The amount of measured nitrate was then normalized to the total needle area, which was 13 

determined by harvesting the branch, separating all needles and taking photographs of the 14 

needles on a white background containing a scale. These pictures were converted to black and 15 

white pictures. By measuring the pixels of the scale, the number of dark pixels (projected 16 

needle area) was converted to the needle area (in cm²).  17 

 18 

Table S2: Measured leaf nitrate and needle areas of small spruce trees at the clearing site. 19 

Sample Time of day 
(CET) 

NO3
- NO3

- Projected 
needle area 

Geometric 
needle area 

number  mg l-1 mol cm³ cm³ 
1 (tree 1) 16:00 0.12 3.87E-08 17.2 45.5 
2 (tree 1) 16:00 0.12 3.87E-08 12.7 33.8 
3 (tree 2) 16:00 0.09 2.90E-08 11.7 31.0 
4 (tree 2) 16:00 0.04 1.29E-08 12.0 31.7 
5 (tree 3) 16:00 0.05 1.61E-08 21.1 56.0 
6 (tree 1) 18:15 0.06 1.94E-08 14.7 38.8 
7 (tree 1) 18:15 0.10 3.23E-08 18.9 50.1 
8 (tree 2) 18:15 <  16.3 43.2 
9 (tree 2) 18:15 0.09 2.90E-08 16.9 44.8 
10 (tree 3) 18:15 0.04 1.29E-08 12.1 32.1 
11 (tree 1) 20.15 0.10 3.23E-08 17.8 47.3 
12 (tree 1) 20.15 0.08 2.58E-08 23.4 62.1 
13 (tree 2) 20.15 0.08 2.58E-08 19.7 52.2 
14 (tree 2) 20.15 0.06 1.94E-08 16.0 42.5 
15 (tree 3) 20.15 <  12.1 32.2 
16 (tree 2) 22:00 0.09 2.90E-08 16.0 42.5 

pH in water Oa horizon 3.5* - - - 
pH in water Oa horizon 2.6 - - - 
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17 (tree 1) 22:00 0.09 2.90E-08 14.5 38.3 
18 (tree 3) 22:00 0.11 3.55E-08 19.7 52.2 
19 (tree 3) 22:00 0.13 4.19E-08 13.8 36.5 
Mean  0.09 2.8E-08 16.1 42.8 

Standard 

deviation 

 

0.03 8.9E-09 3.4 9.0 

 1 

 2 

Additionally, three field blanks have been taken close to the institute building in Bayreuth, 3 

where higher HNO3 levels are expected in the gas phase. The blank flasks were kept open to 4 

the atmosphere for two minutes instead of being exposed to a branch. The field blanks were 5 

below the detection limit of the method (i.e. < 0.03 mg L-1 NO3
-). Nitrite (NO2

-) 6 

concentrations remained below the detection limit in all samples (LOD = 0.04 mg L-1 NO2
-). 7 

The measured nitrate loadings on the trees close to the institute building in Bayreuth (not 8 

shown) were 3 to 20 times higher than the maximum values at the Waldstein site. 9 

The advantage of the nondestructive method (i.e. not cutting the branches before washing 10 

off), which can at least be applied to spruce trees, is that the branches can be marked and 11 

sampled several times to establish time series using the same branches. Finally, the branches 12 

can be harvested to measure the leaf area index (LAI). The error of the sampling area for the 13 

repeated sampling should be low (a few needles more or less). It should be noted that neither 14 

the method proposed by Zhou et al. (2011) nor our method discriminates between ammonium 15 

nitrate and adsorbed nitric acid, which is supposed to be photolysed to finally yield HONO. 16 

Thus the amount of adsorbed HNO3 might be overestimated. 17 

The projected needle area can be converted to the total needle area by multiplying by a factor 18 

of 2.65 derived by Oren et al. (1986). Thus, if HNO3 is distributed homogeneously on the 19 

needle, the amount of HNO3 directly exposed to sunlight is a factor of 2.65 lower. If we then 20 

consider only the projected area of the whole branch with needles instead of the single 21 

needles, the amount of HNO3 exposed is further reduced by a factor of 2.2 as derived from 22 

our branch photographs.  23 

 24 
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 1 

Figure S4S7: Calculated leaf nitrate loadings for 12 July 2011. 2 

 3 

 4 
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