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Abstract 

Nitrous acid (HONO) is an important reactive nitrogen species, which is short lived due to the 

photolysis yielding nitric oxide (NO) and hydroxyl radicals (OH). While the latter is the major 

oxidant of the atmosphere and thus of crucial importance for the self-cleansing ability of the 

atmosphere, NO is considered as an air pollutant enhancing the formation of ozone. Hence, 

HONO has an ambivalent role in atmospheric chemistry, but is usually considered as a major 

source of OH. A sound understanding of sources and sinks of HONO is a basic prerequisite to 

assess its impacts on the environment. However, a strong daytime source of HONO is still 

missing and nighttime HONO deposition on the ground was only postulated. Soil emissions 

of HONO were recently suggested to explain the missing source. This thesis aims to reveal 

the processes of HONO release and uptake from soil and to understand the underlying 

mechanisms.  

In order to quantify the role of HONO soil emissions, 17 soils covering a wide range of soil 

parameters were investigated in a dynamic chamber system. HONO emissions were found to 

be in the same order of magnitude as the well-studied NO emissions from soil and for some 

samples NO release was exceeded by HONO. Generally, HONO emissions occurred at low 

soil water contents below 30% of water holding capacity. Unexpectedly, strongest emissions 

were found for soils of neutral pH from arid and arable regions. Such areas comprise about 

20% of the earth’s terrestrial surface, thus demonstrating the global importance of HONO 

emission from soil. Temperature dependencies of HONO and NO release lead to the 

assumption of a microbial release of HONO, which was confirmed by pure culture 

experiments with the ammonia-oxidizing bacterium Nitrosomonas europaea and soil 

sterilization experiments. A conceptual model on release of reactive nitrogen species (NO, 

N2O, N2) by microbes from soil as a function of the soil water content was extended by 

HONO soil emissions. 

Further analysis of the bacterial release of HONO from soil showed that only ammonia-

oxidizing bacteria are capable of emitting HONO within microbial nitrification, by evidence 

from pure culture and inhibition experiments. Cell internal accumulated hydroxylamine 

(NH2OH) was shown to be responsible for HONO release, by a controlled introduction of cell 

lysis. NH2OH was measured for the first time in the gas phase and was released by ammonia-

oxidizing bacteria during the entire soil water content range investigated. The heterogeneous 

reaction of NH2OH with water vapor on glass bead surface was shown to form HONO. In 

addition, the occurrence of HONO emissions at low soil moistures is explained by this 

reaction, as only then the surface is available for the reaction and not covered by water. 
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A 15N tracer method was developed to measure isotopic labeled gas-phase HONO, which 

enables the investigation of formation processes of HONO and its role in biogeochemical 

cycles. The azo dye formed during the detection by the long path absorption photometer 

(LOPAP) is utilized for further analysis, as the nitrogen atom of HONO is quantitatively 

conserved into the dye. Purification by solid phase extraction of the dye solution and 

subsequent analysis by high performance liquid chromatography coupled to mass 

spectrometry yield the 15N relative exceedance. Application of the method to a soil sample 

with 15N labeled urea, which was investigated in a dynamic chamber system, confirmed our 

recent findings of the strong contribution of soil bacteria to HONO release. 

Bidirectional fluxes of HONO were found for six investigated soil samples. The direction of 

the flux is depending on the ambient mixing ratio of HONO and the soil water content. An 

important value to describe the bidirectional flux is the “ecosystem specific compensation 

mixing ratio of HONO”, χcomp. This new term was defined and introduced as the various 

processes involved in the soil exchange of HONO are not compatible with the classic 

definition of the compensation point. Low χcomp, below typical daytime mixing ratios of 

HONO for some soils and, hence, uptake of HONO, reveal the ambivalent role of soil in the 

exchange of HONO. The results confirm recent field observation, that HONO, which was 

adsorbed to soil at high ambient mixing ratios, is desorbed from the soil at low ambient 

mixing ratios of HONO. Thus HONO deposited during night time can be transformed to a 

source of HONO during daytime. Four processes, partitioning of HONO according to Henry’s 

law, bacterial HONO formation via NH2OH, adsorption and desorption of HONO were 

identified to be dominant at certain soil moistures. Thus, a conceptual model about the 

processes involved in release and uptake of HONO from soil as a function of the soil water 

content was developed. 

Overall, this thesis revealed crucial processes in the exchange of HONO between soil and 

atmosphere and the mechanism of bacterial HONO formation was elucidated. Soil was shown 

to be an important source and sink of HONO and, hence, its consideration in future field 

observations is highly encouraged. 
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Zusammenfassung 

Salpetrige Säure (HONO) ist eine wichtige Form von reaktivem Stickstoff, die aufgrund ihrer 

Photolyse zu Stickstoffmonoxid (NO) und dem Hydroxylradikal (OH), sehr kurzlebig ist. 

Während letzteres das wichtigste Oxidans in der Gasphase und deshalb von größter 

Bedeutung für die Selbstreinigungsfähigkeit der Atmosphäre ist, wird NO als Luftschadstoff 

angesehen, der die Bildung von Ozon fördert. Weshalb HONO eine ambivalente Rolle in der 

atmosphärischen Chemie hat, jedoch wird es oftmals als starke Quelle für OH-Radikale 

betrachtet. Ein genaues Verständnis der Quellen und Senken von HONO ist eine 

grundlegende Voraussetzung, um dessen Einfluss auf die Umwelt zu beurteilen. Allerdings 

wird immer noch nach einer starken HONO-Quelle am Tag gesucht und nächtliche HONO-

Deposition auf den Boden wurde bisher stets nur postuliert. Bodenemissionen von HONO 

wurden kürzlich vorgeschlagen um die fehlende Quelle zu erklären. Diese Dissertation folgt 

der Zielsetzung die Prozesse der HONO-Aufnahme und -Freisetzung von Böden aufzudecken 

und die zugrunde liegenden Mechanismen zu verstehen. 

Um die Rolle von HONO-Bodenemissionen zu quantifizieren, wurden 17 Böden, die ein 

großes Spektrum von Bodenparametern abdecken, in einem dynamischen Kammersystem 

untersucht. Es konnten HONO-Emissionen derselben Größenordnung wie die bereits gut 

untersuchten NO-Emissionen festgestellt werden. In einigen Proben überstiegen die HONO-

Emissionen die NO-Freisetzung. Im Allgemeinen wurden die Emissionen von HONO bei 

niedrigen Bodenwassergehalten unter 30% der Feldkapazität gefunden. Unerwarteter Weise 

wurden die stärksten Emissionen bei Böden mit neutralem pH aus ariden und landwirt-

schaftlichen Gebieten beobachtet. Dies sind etwa 20% der terrestrischen Erdoberfläche, was 

die globale Relevanz von HONO-Bodenemissionen zeigt. Die Temperaturabhängigkeit der 

Bodenemissionen von HONO und NO führten zu der Annahme einer mikrobiellen 

Freisetzung von HONO, welche durch Reinkulturexperimente mit dem ammonium-

oxidierenden Bakterium Nitrosomonas europaea und Sterilisationsexperimente bestätigt 

werden konnte. Ein konzeptionelles Model für die Freisetzung reaktiver Stickstoffverbindun-

gen aus Böden in Abhängigkeit des Bodenwassergehaltes wurde um HONO-Emissionen 

erweitert. 

Durch Nachweise mittels Reinkultur- und Inhibitionsexperimenten konnten weitere 

Untersuchungen der bakteriellen Freisetzung von HONO aus Böden zeigen, dass innerhalb 

der bakteriellen Nitrifikation nur ammoniumoxidierende Bakterien zur Emission von HONO 

fähig sind. Durch kontrolliert initiierte Zelllyse konnte gezeigt werden, dass intrazellulär 

akkumuliertes Hydroxylamin (NH2OH) für die HONO-Freisetzung verantwortlich sind. Zum 
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ersten Mal wurde NH2OH in der Gasphase nachgewiesen und dass dieses über den gesamten 

Bodenfeuchtebereich von ammoniumoxidierenden Bakterien freigesetzt wird. Es wurde 

gezeigt, dass die heterogene Reaktion von NH2OH mit Wasserdampf auf einer 

Glasperlenoberfläche HONO bildet. Diese Reaktion erklärt die beobachtete Freisetzung von 

HONO bei niedrigen Bodenfeuchten, da nur dann die Oberfläche zur Reaktion zur Verfügung 

steht und nicht von Wasser bedeckt ist. 

Eine 15N Isotopenmarkierungsmethode wurde entwickelt um isotopenmarkiertes gasförmiges 

HONO zu messen, was die Untersuchung der Bildungsprozesse von HONO und dessen Rolle 

in biogeochemischen Zyklen ermöglicht. Der Azofarbstoff, der während der Detektion durch 

das Langwegabsorptionsphotometer (LOPAP) gebildet wird, kann für die weitere Analyse 

verwendet werden, da das Stickstoffatom in HONO quantitativ im Farbstoff konserviert wird. 

Durch die Reinigung mittels Festphasenextraktion der Farbstofflösung und die darauffolgende 

Analyse mithilfe von Hochleistungsflüssigkeitschromatographie gekoppelt mit Massenspek-

trometrie erhält man den relativen 15N Überschuss von HONO. Die Anwendung dieser neuen 

Methode auf eine Bodenprobe die mit 15N Harnstoff angereichert und in einem dynamischen 

Kammersystem untersucht wurde, bestätigt die obigen Ergebnisse einer starken mikrobiellen 

Beteiligung von Bodenbakterien zur HONO Freisetzung. 

Bidirektionale Flüsse von HONO wurden für sechs untersuchte Bodenproben gefunden. Die 

Richtung der Flüsse hängt dabei vom Umgebungsmischungsverhältnis von HONO und dem 

Bodenwassergehalt ab. Eine wichtige Größe, die die bidirektionalen Flüsse von HONO 

beschreibt, ist das „Ökosystem spezifische Kompensationsmischungsverhältnis von HONO“, 

χcomp. Dieser neue Begriff wurde definiert und eingeführt, da die verschiedenen in den 

Bodenaustausch von HONO involvierten Prozesse nicht mit dem klassischen 

Kompensationspunktkonzept kompatibel sind. Niedrige χcomp unterhalb den typischen 

Tagesmischungsverhältnissen von HONO, was eine HONO-Aufnahme über Tag zur Folge 

hat, zeigen die ambivalente Rolle von Böden im HONO-Austausch. Die Untersuchungen 

bestätigen neueste Feldbeobachtungen, dass HONO, welches bei hohen Umgebungsmisch-

ungsverhältnissen vom Boden adsorbiert wird, bei niedrigen Mischungsverhältnissen wieder 

vom Boden desorbiert wird. Folglich wird nächtlich akkumuliertes HONO tagsüber in eine 

Quelle für HONO umgewandelt. Vier Prozesse - Verteilung von HONO zwischen Gas- und 

Flüssigphase nach Henrys Gesetz, bakterielle HONO Bildung aus NH2OH, Adsorption und 

Desorption von HONO - und deren Dominanz in speziellen Bodenfeuchtebereichen wurden 

identifiziert. Dadurch wurde ein konzeptionelles Model für die Prozesse, die in Aufnahme 
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und Freisetzung von HONO aus Böden involviert sind, als Funktion der Bodenfeuchte 

entwickelt. 

Zusammenfassend hat diese Dissertation die entscheidenden Prozesse im Austausch von 

HONO zwischen Boden und Atmosphäre aufgeklärt und den der bakteriellen HONO Bildung 

zugrunde liegenden Mechanismus aufgedeckt. Es konnte gezeigt werden, dass Böden sowohl 

eine wichtige Quelle als auch eine Senke für HONO sind und sollten folglich in zukünftigen 

Feldmessungen stärker berücksichtigt werden. 
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1 1. Introduction and Motivation 

1. Introduction and Motivation 
 

1.1 The nitrogen cycle 
 
Nitrogen (N) is essential for the growth and health of all forms of living. The earths’ largest 

reservoir of nitrogen in form of the inert molecular nitrogen (N2) in the atmosphere can 

naturally only be assimilated by a few plants and microbes which are capable of biological 

nitrogen fixation (BNF)(Vitousek et al 2002). This process converts N2 into reactive nitrogen 

(Nr), ammonium (NH4
+) namely during BNF, which can be metabolized by the biosphere. 

Nitrifying microbes in soil, marine and fresh water oxidize NH4
+ to nitrite (NO2

-) and nitrate 

(NO3
-)(Koops et al 2006, Prosser and Nicol 2012), for example, providing another accessible 

form of Nr to plants and other microbes. Some of the latter are capable of reducing NO3
- back 

to N2, a process known as denitrification (Knowles 1982), and recycle N2 to the atmosphere. 

During these processes the microbes emit the trace gases nitrous oxide (N2O) and nitric oxide 

(NO). These two, together with ammonia (NH3) emissions from soil, are part of different 

atmospheric chemistry cycles, forming other Nr species like nitrous acid (HONO) or nitric 

acid (HNO3) with different impacts on the atmosphere and biosphere. Ammonium nitrate 

(NH4NO3), a product of the acid-base reaction of NH3 and HNO3, is an important cloud 

condensation nucleus (CCN), which is responsible for cloud formation and precipitation. Wet 

and dry deposition of the different Nr species is another nutrient input for terrestrial and 

marine ecosystems and withdraws Nr from the atmosphere. Oxidized forms of nitrogen are 

effectively washed out by rain, while other compounds accumulate to larger particles, which 

sediment. Figure 1 comprises the different pathways and shows some additional transport 

processes between the atmosphere and marine and terrestrial ecosystems. The lifetime of a Nr 

species, can vary strongly, depending on its current position in the nitrogen cycle. While some 

freshly applied fertilizer can be degraded in a few weeks or even days, Nr in the deeper soil 

layers under the surface, where microbial activity is lower, might not be converted for years. 

The relatively inert N2O passes the troposphere without major losses until it reaches the 

stratosphere, where it finally reacts with ozone. This process takes place in the order of years. 

HONO on the other hand is photolyzed within 20 – 30 min under strong solar irradiation 

(Stutz et al 2000). 

 



 

 
 

2 1.1 The nitrogen cycle 

 

Figure 1: Scheme of the nitrogen cycle and the fluxes of reactive nitrogen in Tg N yr-1 
between and within the atmosphere and terrestrial and marine ecosystems. (from Fowler et al 
(2013)) 
 

Besides BNF, nitrogen fixation can also occur during thunderstorms. Lightning strikes release 

enough energy to break the nitrogen-nitrogen triple bond, which is among the strongest in 

chemistry, and as a result NO is formed in a reaction with atmospheric oxygen (Tie et al 

2002). The naturally low rates of Nr production have formed ecosystems coping with low N 

availability worldwide, although for every 100 atoms of carbon used for cell construction, 

between 1 to 20 atoms of N are needed (Sterner and Elser 2002). This has limited the 

ecosystems productivity, but enriched its biodiversity. N-limitation has driven the evolution to 

extremes in the hunt for N, some plants for example have evolved to carnivores, extracting N 

from catching and digesting animals. Mankind had to face this problem as well and learned to 

overcome N-limitation by fertilizing agricultural fields for 6500 years (Smith 1995) in order 

to ensure good food production. 

In 1909, the German chemist Fritz Haber found a reaction producing ammonia (NH3) from N2 

and hydrogen (H2) in the laboratory. The up scaling to an industrial process by Carl Bosch 

and the first industrial plant for the so called Haber-Bosch process in 1913, were the 

beginning of the anthropogenic nitrogen fixation (Smil 2004). Although the first use was the 

production of munitions, this process became the foundation for the synthetic fertilizer 

production. In the 1970’s the production of NH3 by terrestrial BNF was overtaken by the 
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Haber-Bosch process. In 2005 the nitrogen fixation by the Haber-Bosch process of 120 Tg N 

yr-1 (Galloway et al 2008) doubled the terrestrial BNF of 63 Tg N yr-1(Fowler et al 2013). 

Besides this, the unintentional production of Nr as a side product of fuel combustion is a 

major anthropogenic contributor to the total Nr budget. The total anthropogenic nitrogen 

fixation (210 Tg N yr-1) is now as large as the natural nitrogen fixation (203 Tg N yr-1)(Fowler 

et al 2013). Hence, the input of Nr into ecosystems has doubled in the last century. 

The enhanced availability of cheap fertilizer supported the growth of the world’s population 

and today the food of about half of the humans on our planet depends on artificially produced 

fertilizer N (Erisman et al 2008). Albeit the intensified Nr input in ecosystems has led to 

severe negative effects for the environment, climate and human health (Erisman et al 2013). 

The diversity of possible transformation steps of one atom of N within the nitrogen cycle 

before it is released as the ineffective N2, leads to an accumulation of adverse impacts of just 

a single N atom. This chain is called the nitrogen cascade (Galloway et al 2003) and its most 

important effects are shortly discussed: 

Eutrophication of fresh water disequilibrates the ecosystems by acidification and favoring the 

growth of algae and other water plants (Camargo and Alonso 2006). A high abundance of 

algae can cause low oxygen levels, which is harmful for different aquatic forms of living. The 

defined threshold for eutrophication is 1 mg NO3-N l-1 and at levels of 10 mg NO3-N l-1 severe 

effects for aquatic animals are observed (Camargo et al 2005). These values can be quickly 

reached if agricultural fields close to the fresh water are intensively fertilized. The same effect 

is reported for Nr input into marine ecosystems and in 2012 about 540 coastal dead zones 

were known (Galloway et al 2013) and in some regions the area has increased by the 10-fold 

in the last two decades (Carstensen et al 2014).  

In 1872 it was first mentioned by Robert Angus Smith, that rain is more acidic around cities 

and “artificial circumstances” are likely (Smith 1872). Acid rain is indeed mainly caused by 

human sulfur dioxide (SO2) and nitrogen oxide (NOx = NO + NO2) emissions, which form 

sulfuric acid (H2SO4) and HNO3 due to the oxidative character of the atmosphere. While 

anthropogenic SO2 was strongly reduced by flue-gas desulfurization, the contribution of NOx 

to acid rain increased. HNO3 is formed by the oxidation of NO2 with the hydroxyl radical 

(OH): 

 

NO2 + OH → HNO3 (R1) 

 



 

 
 

4 1.1 The nitrogen cycle 

The Nr deposited by acid rain enhances the eutrophication of ecosystems, besides the negative 

effect of increasing acidity. 

The formation of N2O, one of the most important non-CO2 greenhouse gases, influences the 

global radiative forcing and hence, climate change, strongly (Stocker et al 2013). The trace 

gas is mainly emitted from denitrification in soils and anthropogenic induced emission of N2O 

by fertilizer application exceeded natural sources in the 1990s (Reay et al 2012). Further 

sources are biomass burning, industry and formation from other Nr emissions (Galloway et al 

2004). The mixing ratio of N2O has increased from ~ 270 ppb in pre-industrial era to currently 

325 ppb (Davidson 2009), which equals a surplus of 20%. Besides the radiative 

characteristics, the depletion of stratospheric ozone by N2O has strong effects on human 

health, as more harmful UV radiation passes the stratospheric ozone layer. Throughout the 

21st century it is expected to remain the strongest ozone-depleting agent in the stratosphere 

(Ravishankara et al 2009).  

In the troposphere NO and NO2 influence atmospheric chemistry strongly, through the 

formation and depletion of ozone: 

 

NO + O3 → NO2 + O2 (R2) 

NO2 + hν → NO + O (R3) 

O + O2 → O3 (R4) 

 

The Nr enhanced formation of O3 leads to crop losses (Ainsworth 2008, Paoletti 2005), 

stronger formation of particulate matter (PM) (Meng et al 1997) and adverse effects on human 

health by ozone itself (Levy et al 2005, Uysal and Schapira 2003). Besides the formed O3, 

also PM and NOx have severe health impacts like lung cancer and other respiratory diseases 

(Anenberg et al 2010, Fajersztajn et al 2013, Lelieveld et al 2013). Various sources of NO 

exist, like fossil fuel burning, lightning, biomass burning and release by soil bacteria. Nitrous 

acid (HONO), another important Nr species, can form carcinogenic nitrosamines (Sleiman et 

al 2010), which is of special concern indoors, where unexpectedly high concentrations of 

HONO are found (Febo and Perrino 1991). Beside the formation of carcinogens, HONO 

strongly influences the oxidative capacity of the atmosphere and is a direct precursor of NO. 

Hence, HONO is directly and indirectly involved in many of the previously described 

processes, but formation processes and fate of HONO are yet not fully understood. 
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1.2 The chemistry and impact of nitrous acid in the atmosphere 
 
Since its first detection as a trace gas in the atmosphere in 1979 by Perner and Platt (1979), 

nitrous acid (HONO) has been intensively studied and is now well accepted as an important 

source of the OH radical. This is considered as the major oxidant of the atmosphere and thus 

is mainly responsible for the oxidative capacity of the atmosphere.  

HONO undergoes a diurnal cycle with accumulation overnight and decay during the day. The 

photolysis of HONO is responsible for lower mixing ratios of HONO during daytime and 

yields the OH radical: 

 

HONO + hν → NO + OH (R5) 

 

While early studies assumed, that production of OH from HONO is only relevant in the 

morning hours after sunrise (Harrison et al 1996), recent studies showed a contribution of up 

to 60% to the total OH production (Ren et al 2003) and significant production during the 

whole day (Sörgel et al 2011a). This progress in the understanding of the atmospheric 

chemistry of HONO can mainly be attributed to more sophisticated measurement techniques, 

which are able to measure HONO down to detection limits of a few ppt (Heland et al 2001, 

Kleffmann et al 2002). The increased sensitivity led to the discovery of HONO daytime 

mixing ratios of up to a few hundred ppt (Kleffmann et al 2003), which were not detectable 

before. Hence, the expected low daytime mixing ratios in the order of several ppt (Vogel et al 

2003), according to known gas phase (see chapter 1.2.1) and heterogeneous reactions (see 

chapter 1.2.2), were exceeded and a missing daytime source was postulated (Kleffmann et al 

2003). In the following time, this missing source of HONO during daytime was observed 

many times and correlations with the photolysis frequency of NO2 (J(NO2)) were found 

(Kleffmann et al 2005, Li et al 2012, Su et al 2008b, Villena et al 2011, Wong et al 2012). 

Consequently, different new reactions were characterized and postulated to explain the 

missing daytime source of HONO (Bejan et al 2006, George et al 2005, Ramazan et al 2004, 

Stemmler et al 2006, Zhang and Tao 2010), however, none of them was capable to close the 

budget of HONO (Sörgel et al 2011a).  

In the nighttime high levels of HONO are observed and a pseudo stationary state, with a 

constant mixing ratio of HONO, is reached. The underlying process of the accumulation is the 

heterogeneous formation of HONO from NO2 on surfaces (Finlayson-Pitts et al 2003, 

Harrison et al 1996, Lammel and Cape 1996). Several studies suggest dry deposition of 
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HONO, which is accumulated in the gas phase, to the ground surface (Sörgel et al 2011a, 

Stutz et al 2002, Stutz et al 2004, Su et al 2008a, Su et al 2008b, Wong et al 2011). This 

process is yet only poorly investigated and just recently a first study on the uptake of HONO 

on soil particles started to explore this surface reaction (Donaldson et al 2014). However, only 

dry soils were studied, which might impede the application of these results to field 

observations, as the partitioning of HONO to soil water has to be considered due to its Henry 

coefficient (Lide 2004). Earlier laboratory studies focused on the uptake of HONO into water, 

as thin films, dew or at different pH (Bongartz et al 1994, He et al 2006, Hirokawa et al 2008, 

Kleffmann et al 1998, Mertes and Wahner 1995), and the process was mostly found to be 

reversible. Several field studies observed the uptake of HONO into the liquid phase, like fog 

or dew (Rubio et al 2009, Sörgel et al 2011b).  

The uncertainties in the knowledge of the formation of HONO during daytime and the loss of 

HONO during nighttime need further investigation in order to understand the impact of 

nitrous acid on the atmosphere. Although many field studies showed the large contribution of 

HONO to the total OH production, it is usually not considered in atmospheric models. Recent 

studies showed the significant impact in global scale models on the oxidative capacity of the 

atmosphere (Elshorbany et al 2012) but also on cloud and aerosol formation (Elshorbany et al 

2014). 

1.2.1 Gas phase reactions of HONO 
 

The photolysis of HONO (R5) is the most prominent gas phase reaction of HONO. 

Wavelengths of 300 – 405 nm are necessary for the dissociation to take place (Stockwell and 

Calvert 1978, Stutz et al 2000). The lifetime of HONO can vary from about 2 h after sunrise 

to 20 – 30 min at noon for mid latitudes (Stutz et al 2000), with a typical photolysis frequency 

of J(HONO) = 1 – 4 · 10-3 s-1 (Platt et al 1980). The recombination of NO and OH is a ternary 

reaction yielding HONO (Nguyen et al 1998, Pagsberg et al 1997, Stuhl and Niki 1972): 

 

NO + OH + M → HONO + M (R6) 

 

The collision partner M can either be N2 or O2, which is necessary to conserve energy and 

momentum. Due to the small reaction rate constant (k ≈ 8 · 10-12 cm6 molec-2 s-2, (Pagsberg et 

al 1997, Sander et al 2006)), the recombination reaction of the photolysis yields only small 

amounts of HONO. A steady state of HONO, NO and OH is established through reactions 

(R5) and (R6), which reaches HONO mixing ratios in the order of 10 – 30 ppt for moderate 
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atmospheric levels of NO and OH. Another process yielding HONO is the ternary reaction of 

NOx and water vapor (R7). 

 

NO + NO2 + H2O → 2 HONO (R7) 

 

However, the rate constant ( k = 1.2 · 10 -34 cm6 molec-2 s-2, (Chan et al 1976)) is too small for 

a significant HONO formation under atmospheric conditions, due to the unlikelihood of a 

three-body collision of the three educts.  

Another reaction forming HONO is the reaction of photoexcited NO2 and water vapor (R8) 

(Li et al 2008), however, two photons are needed for this processes. Hence, this process is 

negligible under atmospheric conditions (Amedro et al 2011). Recently, the photolysis of 

ortho-nitrophenols (R9) has been proposed as significant daytime source of HONO, as the 

reaction forms HONO efficiently (Bejan et al 2006). Nevertheless, the atmospheric 

concentration of these aromatic compounds is too low for a considerable contribution to the 

HONO budget (Wong et al 2012). 

 

NO2
* + H2O → HONO + OH (R8) 

o-nitrophenols + hν → R + HONO (R9) 

 

The reaction of HO2 and NO2 (R10) has been investigated since the 1970s (Simonaitis and 

Heicklen 1974), but only recently suggested to explain the missing daytime source of HONO 

(Li et al 2014). 

 

HO2 + NO2 → HONO + O2 (R10) 

 

However, to explain the missing daytime source the yield of (R10) was assumed to be 100% 

by the authors of the study and potentially significant ground sources (see chapter 1.2.2) were 

estimated based on studies of a different ecosystem. Several studies on (R10) have been 

performed, but only a few identified HONO as a product (Cox and Derwent 1975, Levine et 

al 1977, Simonaitis and Heicklen 1974), while others did not observe HONO formation 

(Dransfield et al 2000, Graham et al 1977, Howard 1977, Niki et al 1977) or suggested 

pernitric acid (HNO4, (R11)) as major product (> 99% yield) (Tyndall et al 1995, Zhu et al 

1993). 
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HO2 + NO2 → HNO4 (R11) 

 

According to the available studies showing ambivalent findings and the resulting uncertainty, 

further laboratory and field measurements are essential to evaluate the contribution of (R10) 

on daytime formation of HONO. 

The photolysis of HONO (R5) is the most important sink under atmospheric conditions, while 

gas phase reactions (R12) (Burkholder et al 1992) and (R13) (Ten Brink and Spoelstra 1998) 

are only of minor importance compared to (R5) (Sörgel et al 2011a). 

 

HONO + OH → H2O + NO2 (R12) 

2 HONO → NO + NO2 + H2O (R13) 

 

1.2.2 Heterogeneous reactions of HONO 
 

The heterogeneous formation of HONO has become crucially important in the last decade, as 

many reactions suggested to explain the missing daytime source occur on different kinds of 

surfaces. The most studied reaction is the disproportionation of NO2 in thin water layers: 

 

2 NO2 + H2O(ads) → HONO + HNO3(ads) (R14) 

 

This reaction is the most dominant pathway of HONO production during nighttime and was 

shown to explain high HONO mixing ratios at night during several field observations 

(Harrison and Kitto 1994, Sörgel et al 2011a, Stutz et al 2002, Stutz et al 2004, Su et al 

2008a). The formation mechanism has been intensively investigated (Barney and Finlayson-

Pitts 2000, Kamboures et al 2008, Kleffmann et al 1998, Miller et al 2009, Mochida and 

Finlayson-Pitts 2000) and the proposed mechanism by Finlayson-Pitts et al (2003) involves 

the formation of N2O4 and the intermediate NO-NO3
+: 

 

2 NO2(g)  → N2O4(g) (R15) 

N2O4(g)  → N2O4(ads) (R16) 

N2O4(ads)  → ONONO2(ads) (R17) 

ONONO2(ads) + NO2(g)  → N2O4(ads) + NO2(g) (R18) 

ONONO2(ads) + H2O(ads)  → HONO(g,ads) + HNO3(ads) (R19) 
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Several field studies found a correlation between the unknown daytime source of HONO and 

mixing ratio of NO2, as well as the photolysis frequency of NO2 j(NO2) (Li et al 2012, Sörgel 

et al 2011a, Stutz et al 2002, Su et al 2008a, Wong et al 2012). Hence, photosensitized 

reactions received strong scientific interest and many different reactions were proposed. In 

general, a substrate becomes a hydration agent after photo excitation and NO2 is reduced by 

the transfer of a proton yielding HONO. A variety of substrate has been shown to be photo 

catalytic, like humic acids (Bartels-Rausch et al 2010, Stemmler et al 2006, Stemmler et al 

2007), soot and aerosols (Broske et al 2003, Gerecke et al 1998, Kalberer et al 1999), TiO2 

and other metal surfaces(Bedjanian and El Zein 2012, Ndour et al 2008, Nishino and 

Finlayson-Pitts 2012).  

 

R-H + hν → [R-H]* (R20) 

[R-H]* + NO2 → HONO + R’ (R21) 

 

Although all these reactions match the previously found correlations between the unknown 

daytime source of HONO and a product of the mixing ratio of NO2 and the irradiation, none 

of them was yet shown to account for the unknown source. Sörgel et al (2011a) estimated the 

upper limit of the HONO formation from the heterogeneous transformation of NO2 on humic 

acids (Stemmler et al 2006). The calculated maximal contribution was 30% and, hence, can 

only partly explain the high mixing ratios of HONO during daytime.  

Recently the photolysis of nitrate and HNO3 was suggested as daytime source of HONO 

(Zhou et al 2011). Li et al (2012) confirmed a formation from this pathway under atmospheric 

conditions at a field site in southern China. However, a recent study showed, that the 

photolysis of HNO3 cannot account for the missing daytime source of HONO in a boreal 

forest environment (Oswald et al 2014).  

In the past, several field studies performing gradient measurements of HONO suggested the 

ground to be a source of HONO (Febo et al 1996, Kleffmann et al 2003, VandenBoer et al 

2013, Wong et al 2011, Wong et al 2012, Zhang et al 2009). A reasonable explanation is the 

partitioning of soil nitrite on the soil surface (Kubota and Asami 1985a, Kubota and Asami 

1985b, Su et al 2011). Nitrite in soil is in an acid-base equilibrium with nitrous acid 

(HONOaq) depending on the soil pH. According to Henry’s law (Henry 1803, Smith and 

Harvey 2007), aqueous nitrous acid is in an additional equilibrium with gaseous HONO. The 

release of HONO varies with soil moisture and, hence, is variable. A crucial parameter for 

emission of HONO is the soil temperature, as the equilibria are temperature dependent and 
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emissions rise at higher temperatures. In the upper layers of soil, the temperature is mainly 

driven by irradiation, thus a maximum during noon time can be reached. Su et al (2011) 

showed in different model runs, that partitioning of soil nitrite can indeed explain the missing 

daytime source from a field observation in China (Su et al 2008b). However, only one soil 

sample was investigated and evidence from field measurements is still lacking. 

 

H3O
+

(aq) + NO2
-
(aq) ↔ HONO(aq) + H2O(l) (R22) 

HONO(aq) ↔ HONO(g) (R23) 

 

The assumption of HONO deposition on soils or the ground surface was suggested from many 

field observations, however has just recently be confirmed by a laboratory study (Donaldson 

et al 2014). A competitive adsorption process with water vapor was suggested. The results of 

VandenBoer et al (2014) point to a release of HONO during daytime from HONO adsorbed 

overnight. They found a strong contribution of this process to the missing daytime source of 

HONO. However, further investigation of this process and its temporal and quantitative 

limitations are needed to assess the significance of this adsorption-desorption process and the 

HONO budget. 
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1.3 Microbial nitrification in soil 

 

Nitrification in soil is a process, that can be separated in two steps: the oxidation of NH4
+ to 

NO2
- by ammonia-oxidizing bacteria (AOB) (Koops et al 2006) and ammonia-oxidizing 

archaea (AOA) (Stahl and de la Torre 2012), followed by the transformation of NO2
- to NO3

- 

by nitrite-oxidizing bacteria (NOB) (Spieck and Lipski 2011). These processes occur under 

aerobic conditions, in contrast to denitrification (Knowles 1982), a microbial process that 

reduces NO3
- to N2, taking place under anaerobic conditions. 

The oxidation of NH4
+ by AOB is mediated by the membrane-bound enzyme ammonia 

monooxygenase (AMO) (Hofman and Lees 1953) and forms the intermediate hydroxylamine 

(NH2OH) (Hollocher et al 1981). However, the enzyme needs NH3 as substrate for the 

oxidation (R24). This step is endergonic and needs two electrons to take place (Arp and Stein 

2003). AMO can also oxidize a wide range of small organic molecules like e.g. phenol, 

methanol and halogenated aliphatic compounds (Rasche et al 1990). Acetylene (C2H2) 

strongly inhibits AMO (Hyman and Wood 1985) and is applied in agriculture to avoid 

microbial loss of ammonia fertilizer(Freney et al 2000). 

 

NH3 + 2 H+ + O2 + 2 e- → NH2OH + H2O (R24) 

 

In a second step NH2OH is oxidized by hydroxylamine oxidoreductase (HAO) to nitrite 

(R25). This exergonic reaction provides four electrons, thus the overall oxidation of NH3 

yields two electrons for the metabolism of AOB. Hydrazine (N2H4) is another possible 

substrate for HAO, resulting in an alternative metabolism for pure culture studies of AOB 

(Anderson 1964). The exact mechanism of NH2OH oxidation by HAO remains unclear. 

Several intermediates like HNO and NO were suggested (Hooper and Terry 1979, Hynes and 

Knowles 1984), but recent studies provide contradictory results, whether these compounds are 

involved (Cabail and Pacheco 2003, Hendrich et al 2002). 

 

NH2OH + H2O → NO2
- + 4 e- + 5 H+ (R25) 

 

The resulting overall conversion of NH3 to NO2
- by AOB needs 1.5 oxygen molecules: 

 

NH3 + 1.5 O2 → NO2
- + H+ + H2O (R26) 

 



 

 
 

12 1.3 Microbial nitrification in soil 

The atmospherically relevant trace gases NO and N2O are known to be released by AOB, this 

is either possible during the oxidation of NH2OH (R25) or by nitrifier denitrification. The 

latter process consists of the enzymes nitrite reductase (NirK or NirS) and nitric oxide 

reductase (NorB), which reduce nitrite to NO and subsequently to N2O (Ferguson 1998, Stein 

and Yung 2003). The nitrite reducing enzyme of ammonia-oxidizers reveals a similarity to the 

nitrite reductase of denitrifiers (Chain et al 2003). The relevant metabolic processes of AOB 

are summarized in figure 2. 

 

 

Figure 2: The metabolism of ammonia-oxidizing bacteria with the relevant enzymes ammonia 
monooxygenase (AMO), hydroxylamine oxidoreductase (HAO), nitrite reductase (NIR) and 
nitric oxide reductase (NOR) is schematically shown (Arp and Stein 2003). 
 

The need of NH3 as substrate instead of NH4
+ restricts AOB to mostly neutral and alkaline 

soils. Some strains of Nitrosospira and Nitrosovibrio inhabit more acidic soils, where nearly 

no Nitrosomonas are found (Koops and Pommerening-Roser 2001). Some AOB exhibit an 

urease and are able to use urea (CH4N2O) as source of NH3. As the urease is an 

intracytoplasmic enzyme, the metabolism gets independent of the external pH and thus the 

respective AOB reveal lower pH optima (Pommerening-Roser and Koops 2005). However, 

AOB were isolated from soils, rocks, fresh and seawaters, as well as sediments, thus revealing 

the broad abundance of this group of bacteria (Koops et al 2006). 

Ammonia-oxidizing archaea received strong scientific interest since their recent discovery. 

The first marine AOA was isolated in 2005 (Konneke et al 2005) and two terrestrial strains 

were isolated in the following years (Lehtovirta-Morley et al 2011, Tourna et al 2011). The 

exact metabolism of AOA is not fully understood (Stahl and de la Torre 2012), but NH2OH 

was recently shown to be produced as an intermediate in the ammonia oxidation (Vajrala et al 

2013). The role of AOA in the nitrogen cycle is currently assessed and although AOA were 

shown to be more abundant in soils (Leininger et al 2006), AOB were shown to dominate the 

ammonia oxidation (Jia and Conrad 2009). However, Nitrosopumilus maritimus was also 
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shown to emit N2O in significant amounts (Loscher et al 2012) and, thus, is of relevance for 

biogeochemistry. 

The last step in nitrification is undertaken by NOB. A nitrite oxidoreductase oxidizes NO2
- to 

NO3
- and thus NO2

- produced by AOB is directly converted (Spieck and Lipski 2011). 

Consequently, the nitrite pool undergoes fast transformation by AOB, NOB and denitrifying 

bacteria (Russow et al 2009). 

 

NO3
- + H2O → NO3

- + 2 H+ + 2 e- (R27) 
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1.4. Knowledge gaps and research objectives 

The release of nitrous acid from soils was already discovered in the 1980s (Kubota and Asami 

1985a, Kubota and Asami 1985b), but has not received any scientific attention subsequently. 

The deposition of HONO to the soil surface was frequently reported to explain constant 

mixing ratios of HONO during nighttime, however laboratory studies confirming this process 

are still lacking. Recently soil nitrite was proposed to be a major source of atmospheric 

HONO during daytime (Su et al 2011). The acid-base equilibrium between nitrite and nitrous 

acid favors the formation of nitrous acid in acidic soils. The produced aqueous nitrous acid 

undergoes a partitioning with the gas phase yielding gaseous HONO. This process was shown 

to explain the missing daytime source of HONO in model calculations. However, this process 

is yet as poorly understood as HONO uptake by soil. Therefore this work addresses the 

following knowledge gaps: 

• The source strength, which was estimated by Su et al. (2011) to be in the range of 1 – 

3000 ng (N) m-2 s-1, matches the values reported for the missing daytime source 

strength of 1 – 1000 ng (N) m-2 s-1. However, only one sample was measured and the 

crucial parameters pH and nitrite content were adjusted artificially. As the applied 

reagents hydrochloric acid and NO2
- are well known to produce HONO (Febo et al 

1995), experiments without manipulation of the soil sample are of crucial importance 

to evaluate the strength of HONO release from soil. 

• According to the conclusions of Su et al. (2011), high HONO emissions are expected 

from highly acidic soils, like boreal or tropical forest soils. Even low NO2
- 

concentrations should yield strong release of HONO due to the strong influence of the 

pH. So far only one soil sample was investigated at nearly neutral pH, hence further 

measurements are necessary to verify the mechanism and draw further conclusions. 

• The release of NO from soil is well studied (Feig et al 2008, Meixner and Yang 2006, 

Meixner 1997, Pilegaard 2013, Remde et al 1989) and contributes significantly to the 

global NO budget (Solomon 2007). Thus, a relation between NO and HONO emission 

might increase the understanding of HONO formation in soil. After photolysis, HONO 

is virtually a source of NO and, hence, HONO release from soil might influence the 

global NO budget substantially.  

• The release of numerous atmospherically relevant trace gases like e.g. NO (Lipschultz 

et al 1981), N2O (Bremner and Blackmer 1978), CH4 (Schütz et al 1989) is primarily 

attributed to soil microbes. Hence, a possible microbial formation of HONO and 

subsequent release from soil should be considered. According to the acid-base 
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mechanism proposed by Su et al. (2011), microbes have a strong influence on the 

nitrite concentration in soil. Thus, soil microbes are at least involved indirectly. 

• The partitioning of nitrous acid between soil solution and atmosphere is an 

equilibrium process, which can turn the proposed source of HONO into a sink. A 

prerequisite is a high pH, which favors the formation of nitrite after HONO uptake. 

Due to the limitations of Henry’s law this process must be restricted to higher soil 

water contents. In addition, a possible uptake under dry conditions should be 

investigated as well. 

• The release and uptake of HONO from soil implies the existence of a mixing ratio, 

where uptake and release compensate each other. For certain trace gases like e.g. NO, 

N2O, CO the compensation point concept was introduced (Conrad 1994). As this 

parameter is of high value for upscaling and global models, further studies will 

strongly improve the understanding of the soils role in HONO chemistry. 

• Isotope studies are of crucial importance in the process elucidation. The nitrogen atom 

of HONO is conserved in the azo-dye produced during the detection of HONO in the 

LOPAP instrument. Hence, the development of an isotope tracer method for HONO 

appears feasible and could strongly contribute to the investigation of processes 

forming HONO in soil, but also in the atmosphere. 

 
In this thesis the principle to address the above knowledge gaps is the investigation of various 

soil samples, which cover a wide range of parameters to identify underlying processes. These 

processes will be further studied in detail in order to reveal their mechanism.  

The overall aim of this thesis is (i) to reveal the processes in the release and uptake of HONO 

from soil, (ii) to understand the underlying mechanisms, (iii) to develop an isotope tracer 

method for HONO and (iv) to derive a conceptual model of the exchange of HONO between 

soil and atmosphere. 
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2. Methods 

2.1 Dynamic Chamber Method 

Measuring fluxes from soil is a demanding task, which needs sophisticated instrumentation 

and methods. While micrometeorological methods, like e.g. eddy covariance, are restricted to 

large areas (Horst and Weil 1994) and require very fast and precise analyzers (Ermel et al 

2013, Müller et al 2010), chamber systems are suitable to investigate smaller samples and 

commercial analyzers are usually satisfying. Thus the deployment of chamber systems allows 

the investigation of samples in the laboratory. This is a big advantage to either measure 

samples from a wide variety of ecosystems without moving the measurement setup (van Dijk 

and Meixner 2001), or to study the processes controlling the fluxes of trace gases from soil  

(Behrendt et al 2014, Remde et al 1989). 

In general static and dynamic chamber systems can be distinguished and only the latter are 

suitable to measure fluxes of reactive trace gases (Meixner 1994), as a continuous air flow 

reduces the contact time to the chamber walls and thus measurement artifacts. The flux F of a 

sample can be calculated from the mixing ratio difference between the entering χin and exiting 

air χout, the purging air flow Q, the molar volume of air Vm and the surface area of the sample 

A: 

 

F	�	
Q

A·Vm
	
��
 − 
���          (1) 

 

However, the turbulent regime inside a dynamic chamber is significantly altered compared to 

undisturbed conditions in the field (Pape et al 2008). According to the common bulk 

resistance model (Hicks et al 1987, Wesely and Hicks 2000), the total exchange resistance 

under ambient conditions is the sum of the turbulent resistance (Ra), the quasi-laminar 

boundary layer resistance (Rb) and the surface resistance (Rc) (Fig. 3). The flux in ambient 

conditions is: 

 

F���	�	
�

��������

1

Vm
	
��
 − 
���        (2) 

 

In a dynamic chamber, the total resistance is the sum of four different resistance, the purging 

resistance (Rpurge) between chamber and ambient air, the mixing resistance (Rmix), describing 

the turbulent mixing in the chamber, the modified boundary layer resistance (Rb
*) and the 
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chamber surface resistance (Rc
*) (Fig. 3). The flux in a dynamic chamber can be described by 

equation (3): 

 

F����	�	 �
��� !"��#$%���∗���∗

1
Vm 	
��
 � 
���       (3) 

 

 

Figure 3: The resistances of trace gas exchange in undisturbed conditions (left) differ from the 
resistances present in the dynamic chamber (adapted from Pape et al (2008)). 
 

Usually Rc
* is considered to be close to Rc and thus Rc

* ≈ Rc is assumed. The measured 

chamber flux can be corrected to match ambient conditions by equating eqs. (2) and (3): 

 

'�(�#
'�#�

�	 ��������
��� !"��#$%���∗���         (4) 

 

According to eq. (4), fluxes measured in dynamic chambers can be corrected for the modified 

turbulent conditions, if all resistances are quantified. A good agreement between large scale 

micrometeorological methods and fluxes from dynamic chamber measurements was found by 

Rummel et al (2002). 

  



 

 
 

19 2. Methods 

2.2 Long Path Absorption Photometry 

Several methods to measure HONO in the gas phase exist, like e.g. differential optical 

absorption spectroscopy (DOAS) (Perner and Platt 1979), chemical ionization mass 

spectrometry (Roberts et al 2010), wet chemical denuder techniques (Takenaka et al 2004) 

and long path absorption photometry (LOPAP) (Heland et al 2001). The latter instrument was 

used for the measurements in this thesis. 

The LOPAP is a wet chemical instrument that quantitatively converts HONO to an azo dye. 

The concentration of this dye is measured by absorption photometry (Kleffmann et al 2002). 

A 1M hydrochloric acid (HCl) solution in a stripping coil takes up HONO and the subsequent 

reaction forms the nitrosyl cation (NO+): 

 

H+ + HONO ↔ H2O + NO+- (R28) 

 

Sulfanilamide from the stripping solution reacts with the nitrosyl cation: 

 

 

→ 

 

(R29) 

 

The formed diazonium salt is transported into the instrument, where a second solution of N-

(1-naphthyl)-ethylendiamine dihydrochloride is added and the reaction yields the azo dye: 

 

 

→ 

 

(R30) 

 

Due to the low mixing ratios of HONO in the atmosphere a long absorption path is needed to 

achieve satisfying detection limits. This absorption volume is a Teflon tube of 1 – 2m with a 

high reflective index. Pump speed of the HPLC pump used to create the liquid flow and tube 

length determine the limit of detection (LOD) and response time of the instrument. Long 

tubes favor a low LOD but increase the response time. Depending on the specifications, LOD 

from 1 – 500 ppt are achievable. 

To avoid measurement artifacts, a second stripping coil is mounted directly behind the first 

one, which is operated in the same way. While HONO is effectively collected in the first coil 
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(99.7% collection efficiency), other trace gases causing interferences (e.g. NO2 and NO) are 

collected in both coils in equal ratios. Hence, a correction of the data for most interferences is 

possible (Kleffmann et al 2002). The stripping coils are placed in an external sampling unit, 

which avoids the problem of HONO wall losses in tubing. A scheme of the instrument setup 

is shown in figure 4.  

 

 

Figure 4: The external sampling unit of the LOPAP and the analysis unit are shown in a 
scheme (adapted from Heland et al (2001)) 
 

In a comparison study (Kleffmann et al 2006), the LOPAP was shown to measure HONO 

mixing ratios in good agreement with the DOAS technique. The comparison was performed 

in the field and in a smog chamber, simulating different atmospheric conditions. It was 

shown, that the correction for interference by the second stripping coil is of crucial 

importance to avoid an overestimation of HONO mixing ratios especially during daytime.  
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3. Results 
 

3.1 Soil bacteria as a major source of HONO emissions 
 

In a first approach, soil samples were measured in a dynamic chamber system setup to assess 

the significance of HONO release from soil. Measurements on temperature dependence of 

HONO emissions and sterilizations experiments were conducted to investigate a possible 

bacterial contribution to HONO release from soil. The aim of this study was (i) to quantify the 

strength of HONO emissions, (ii) to identify soil parameters controlling HONO emissions, 

(iii) to compare HONO and NO release from soil and (iv) to reveal the role of microbes in 

HONO release from soil. 

In total, 17 soil samples were selected in order to cover a wide range of parameters, like pH, 

NH4
+, NO2

-, NO3
-, loss on ignition (LOI), C/N ratio and particle distribution. The 

investigation of this samples showed, that HONO fluxes follow an optimum curve similar to 

the well-studied NO fluxes. In general, HONO fluxes were found to be in der same order of 

magnitude as NO fluxes for all soil samples. Contrary to the predicted strong HONO 

emissions from acidic forest soils, strongest emissions were found for nonacidic soils from 

arid and arable areas. High nutrient contents of NH4
+ and NO2

- favored the release of both Nr 

species. From these findings we deduced HONO hotspot areas, which we expect to exhibit 

strong HONO release and hence, a strong influence on tropospheric chemistry. The areas can 

be found around the world and comprise about 20% of the earth’s terrestrial surface. 

Additionally, we expect HONO soil emissions, as an indirect source of NO, to account for 

discrepancies between global models of reactive nitrogen emissions and “top-down” 

approaches by satellite observations using NO2 column densities. 

The investigation of the temperature dependency of HONO fluxes from one soil sample 

resulted in similar activation energies for the processes of HONO and NO release, which were 

in a range that is reported for bacterial nitrification in soil. Consequently, we examined a pure 

culture of Nitrosmonas europaea, a well-studied ammonia-oxidizing bacterium (AOB), on its 

ability to emit HONO and found four times higher HONO flux compared to a sterile control. 

To corroborate these findings, we sterilized a soil sample and found a significant reduction of 

HONO and NO fluxes of 75% each, compared to the untreated sample. Measurements of 

microbial activity supported these findings, thus revealing a strong microbial source. Since 

the pH optimum of AOB is between pH 7-8, this process explains the unexpected strong 

release of HONO in soils of neutral pH. 



 

 
 

22 3.1 Soil bacteria as a major source of HONO emissions 

*: authors contributed equally 

From our results we concluded a conceptual model of reactive nitrogen release from soil as a 

function of the soil water content. HONO and NO fluxes occur at lower SWC (below 30 and 

50% of water holding capacity (whc), respectively), whereas N2O and N2 are released at 

higher SWC.  

For details, see: Oswald*, Behrendt*, Ermel*, et al., Science (2013): HONO Emissions from 

Soil Bacteria as a Major Source of Atmospheric Reactive Nitrogen. 
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3.2 Bacterial hydroxylamine as a precursor of HONO soil emissions 
 

This study follows up on Oswald et al (2013) and aims (i) to elucidate which groups of 

bacteria within bacterial nitrification are capable of emitting HONO and (ii) to clarify the 

underlying processes of bacterial HONO emissions. 

We investigated five strains of AOB and three strains NOB on their ability to emit HONO. 

Only AOB were found to emit HONO significantly, while no emissions were observed for 

NOB. The examined AOB strains represent all phylogenetic lineages comprising terrestrial 

and limnic AOB species. We confirmed the findings of the pure culture experiments by the 

application of AOB and NOB specific inhibitors on soil samples, showing reduced HONO 

emissions during inhibition of AOB. 

The investigation of pure AOB cultures was continued to elucidate the process of HONO 

release. An increase of the HONO flux with increasing cell density was found up to a 

threshold, when the flux started to decrease strongly. A similar pattern was found for the 

metabolism product NO2
-, thus a formation via the acid-base equilibrium due to a lower pH in 

the cell membrane can be eliminated. The nitrifier denitrification pathway was excluded by 

experiments with knock-out mutants lacking the necessary enzymes, as these cultures emitted 

HONO as the wild-type. However, we found the HONO flux to be restricted by the ammonia 

availability in the cell and thus by the NH2OH concentration inside the cell.  

To confirm our theory, we initiated cell lysis of an AOB culture and measured subsequent 

release of HONO. By the use of mass spectrometry, we present the first detection of gaseous 

NH2OH, which was released by AOB. NH2OH was released during the whole SWC range and 

declined at lower SWC, where HONO release occurs. A coincidence of maximal HONO and 

NH2OH release with an increase of cells with damaged membranes was found, pointing to a 

formation of HONO from cell internal NH2OH. We show that a heterogeneous reaction of 

NH2OH and water vapor on a glass surface forms HONO. This reaction explains HONO 

fluxes at low SWC, as only then the surface is available. 

For details, see: Ermel, et al., to be submitted, (2014a): Hydroxylamine released by ammonia-

oxidizing bacteria as precursor for HONO emissions from soils. 
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3.3 A novel 15N tracer method to investigate the formation of HONO 
 

So far many systems to measure HONO were optimized to lower the limit of detection, but a 

method to reveal processes by isotope labeling is still lacking. This study aims to develop a 

new method, which allows the investigation of isotopic labeled HONO. 

The long path absorption photometer (LOPAP) utilizes an azo coupling of sulfanilamide and 

N-(1-naphthyl)-ethylendiamine dihydrochloride to form a strong absorbing azo dye. The 

crucial NO+ is derived from the sampling of HONO in an acidic solution. Hence, the nitrogen 

atom in HONO remains in the azo dye and can be detected by mass spectrometry. The azo 

dye was purified by solid phase extraction and analyzed by high performance liquid 

chromatography coupled to mass spectrometry (HPLC-MS). As a result the 15N relative 

exceedance, Ψ(15N), of gas phase HONO is measurable. The optimal working range of the 

method was found to be Ψ(15N) = 0.2 – 0.5 and resulting standard deviation of Ψ(15N) < 4%. 

These parameters are comparable to other state-of-the art 15N isotopic tracer methods. 

The new method was applied to a dynamic chamber system, which is used to measure HONO 

soil emissions. After the application of 15N labeled urea to a soil sample and the subsequent 

analysis of the azo dye, HO15NO was found in the gas phase. This measurement confirmed 

the contribution of bacteria to the soil emissions of HONO.  

This method permits new approaches in the investigation of processes forming HONO, either 

in the atmosphere or in the biogeochemical nitrogen cycle, like studies on the effects of 

fertilizers on HONO formation. 

For details, see: Wu, et al., Environ. Sci. Technol. (2014): Novel Tracer Method To Measure 

Isotopic Labeled Gas-Phase Nitrous Acid (HO15NO) in Biogeochemical Studies. 
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3.4 Process studies on the exchange fluxes of HONO from soil 
 
Most studies have focused on the processes regulating the release of HONO from soils and 

processes related to uptake of HONO on the soil are yet not understood. The goal of this study 

is (i) to identify processes controlling exchange fluxes of HONO, (ii) to assess the 

applicability of the compensation point concept to exchange fluxes of HONO, (iii) to discuss 

implications of exchange fluxes on atmospheric chemistry and (iv) to derive a conceptual 

model of the processes involved in the bidirectional fluxes of HONO between soil and air. 

In this study, we investigated six soil samples on the presence of bidirectional fluxes of 

HONO. Therefore we used a dynamic chamber system, which was equipped with a HONO 

source and a valve, switching between air free of HONO and elevated mixing ratios of 

HONO. We intensively investigated one soil sample on effects of elevated mixing ratios of 

HONO and found desorption to take place, when HONO free air was applied. A linear 

relationship was found between the applied elevated mixing ratio of HONO and the desorbed 

HONO. These results support a recent field observation (VandenBoer et al 2014), which 

suggests a deposition of HONO during nighttime, followed by desorption during day to 

explain the missing daytime source of HONO.  

A crucial prerequisite for the application of the compensation point concept are constant 

bidirectional fluxes of HONO with increasing soil layer thickness. Although our experiments 

confirmed this, the identified processes are of physic-chemical origin. Hence, the concept 

cannot be applied in its original microbial sense, but a calculation of the compensation mixing 

ratio is still possible. We defined this as the “ecosystem specific compensation mixing ratio of 

HONO”, χcomp, as it still is a meaningful quantity to describe the exchange flux of HONO. 

The ecosystem specific compensation mixing ratio of HONO was calculated for all soil 

samples of the whole SWC range, but only a correlation between the maximum emissions and 

χcomp at the maximum emission was found. Hence the formation of HONO from bacterial 

NH2OH is dominating and higher ambient mixing ratios of HONO are necessary to 

compensate the emission. For all soil samples χcomp was found to be a function of the soil 

water content. As χcomp below typical daytime mixing ratios of HONO (30 – 300 ppt) were 

found for some samples, soil has to be considered as significant sink not only during night 

time. Thus the unknown daytime source of HONO might be larger than previously 

considered. 

The four identified processes, namely the partitioning of nitrous acid between aqueous and 

gas phase according to Henry’s law, the formation from bacterial NH2OH, adsorption and 
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desorption, occur at different soil water contents. Hence, we derived a conceptual model of 

bidirectional fluxes of HONO, which shows the processes as a function of the soil moisture 

and their respective contribution. 

For details, see: Ermel, et al., to be submitted to Biogeosciences Discussion (2014b): 

Bidirectional exchange of HONO between soil and air.  
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4. Conclusions 

 
The main findings and their conclusions of this study can be summarized as follows: 
 

1. Arable and arid soils of nonacidic pH emit HONO and NO in the same order of 

magnitude (Oswald et al 2013a). For a first approach of an upscaling by global models 

a ratio of 1:1 for F(HONO) and F(NO) could be used for soils obeying the above 

criteria. This easy approach would quantify the contribution of HONO to the global 

budget of Nr emission from soil. Furthermore this approach could verify, if HONO is 

responsible for the discrepancies between global models of Nr emissions and top-down 

approaches by satellite observations of NO2 columns. 

2. Strong HONO release was found for soils from arid ecosystems and in general the 

emission optimum was found at low soil water contents (Oswald et al 2013a). Thus, 

HONO soil emissions likely increase the oxidative capacity of troposphere in arid 

regions. In these areas agriculture is dominated by drip irrigation, which supplies just 

the necessary water to plants and, hence, keeps soils at low soil water content. 

Additionally the agricultural soils are strongly fertilized. Consequently, strong point 

sources are formed, which could particularly contribute to NO and OH formation. 

3. Laboratory studies have convincingly shown, that soil is a significant source of HONO 

(Ermel et al 2014b, Oswald et al 2013a). However, final evidence from field 

observations is still lacking, although the ground was often suggested as source of 

HONO. Most recent field studies (Levy et al 2014, Li et al 2012, Li et al 2014, 

VandenBoer et al 2013, VandenBoer et al 2014, Wong et al 2012, Zhang et al 2012) 

have not considered soil as a source of HONO, mostly due to a lack of necessary 

measurements. Oswald et al (2014) investigated the role of soil within the HONO 

budget at a boreal forest, however, this soil emits only negligible amounts of HONO. 

Thus field observations in the identified hotspot areas are suggested to assess the 

contribution of HONO soil emissions to the missing daytime source of HONO. 

4. Soil bacteria were identified as source of HONO soil emissions in soils of neutral pH 

(Ermel et al 2014a, Oswald et al 2013a). Thus a strong link between microbiology and 

important cycles of atmospheric chemistry was revealed, with impacts on cloud 

formation and, hence, climate. However, bacterial processes are harder to quantify as 

chemical processes, which only rely on few parameters. This means for future field 

observations, that microbial parameters should be considered as well. 
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5. The derived conceptual model of Nr release from soil (Oswald et al 2013a) enhances 

the understanding of the biogeochemical nitrogen cycling. The addition of HONO to 

the hole-in-a-pipe model is an important step to improve our insight into the microbial 

processes in the terrestrial nitrogen cycle. 

6. Ammonia-oxidizing bacteria release cell internal NH2OH during cell lysis, which 

forms HONO in the presence of water vapor on surfaces (Ermel et al 2014a). Recently 

NH2OH was found to be the intermediate in the metabolism of ammonia-oxidizing 

archaea (Vajrala et al 2013). Thus, AOA should be considered as an additional source 

of HONO release from soil. This is of considerable significance, as AOA usually 

inhabit soils, which are more acidic compared to AOB and AOA can handle lower 

nutrient concentrations. Hence, the second smaller maximum among the investigated 

soils at pH 5-6 (Oswald et al 2013a) might be explained by HONO formation from 

AOA. 

7. The heterogeneous reaction of NH2OH and water vapor forms HONO and likely 

unknown products on surfaces (Ermel et al 2014a). However, NH2OH is yet unknown 

in atmospheric chemistry. Although no release from soil was observed, NH2OH 

should be considered to be present in the atmosphere. In this case, NH2OH could 

contribute to HONO formation and might help to explain the missing daytime of 

HONO in ecosystems with low soil emission (Oswald et al 2014). 

8. The release of NH2OH and, hence, HONO formation occur after the cell membrane 

was damaged, due to water limitation at low soil water content (Ermel et al 2014a). 

Although this release was shown only for terrestrial and limnic strains of ammonia-

oxidizing bacteria, the same mechanism is expected for marine strains, as all 

ammonia-oxidizing bacteria occupy the same metabolism, in respect to NH2OH 

formation (Koops et al 2006). Therefore an enhanced release of HONO in coastal 

areas should be considered, as the cycle of high and low tide leads to a daily dry out of 

large areas. Especially areas with a large tidal range like the Wadden Sea should be 

examined. 

9. Although no emissions of HONO from nitrite-oxidizing bacteria were found (Ermel et 

al 2014a), they still might influence bidirectional fluxes of HONO. An uptake of 

gaseous HONO as a source of nitrite might be a possible process for NOB to receive 

nutrients under dry conditions. Uptake processes of e.g. NO and N2O are well known 

for nitrifying and denitrifying bacteria in soil. 
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10. The ecosystem specific compensation mixing ratio of HONO, χcomp, is an important 

quantity to describe bidirectional fluxes of HONO (Ermel et al 2014b). Results from 

six soil samples showed only a correlation between maximal emission and χcomp at the 

point of maximal emission. Studies with more samples, covering a wide range of 

parameters, might reveal more correlations and enhance the systematic understanding. 

The dependency of χcomp on the soil water content implies the measurement of this 

quantity during field observations, in order quantify χcomp successfully. 

11. Uptake of HONO occurs in the whole soil water content range from 0 – 100% of 

water holding capacity (whc) and can be either attributed to adsorption or partitioning 

according to Henry’s law (Ermel et al 2014b). While the first process is known to 

occur at lower soil water content (Donaldson et al 2014), the partitioning of HONO is 

restricted to higher soil water content. Soils of high pH are expected to be a strong 

sink for HONO at high soil moistures, as the acid base equilibrium favors the HONO 

dissociation to H+ and NO2
- strongly. A subsequent fast microbial transformation to 

other N species results in a sink for atmospheric Nr. The observed χcomp below typical 

daytime mixing ratios of HONO (Ermel et al 2014b) indicate the ambivalent role of 

soil in the exchange of HONO between surface and atmosphere. Thus, HONO needs 

to be considered as sink and quantification of bidirectional fluxes of HONO from soil 

is crucial in the interpretation and calculation of HONO budgets derived from field 

observations. 

12. The previously proposed desorption of adsorbed HONO (VandenBoer et al 2014), was 

proven by laboratory experiments (Ermel et al 2014b). This has strong consequences 

for field observations, as soils that were shown to have no significant emission 

according to maximum emission experiments (Oswald et al 2014), might be a source 

of HONO after exposure to high HONO mixing ratios at night. Further studies on the 

strength of desorption and its temporal scales under atmospheric conditions are highly 

advisable. A relocation of HONO deposited at night to daytime formation of HONO 

likely contributes to explain the missing daytime source of HONO. 

13. A 15N tracer method was developed and is applicable for biogeochemical process 

studies (Wu et al 2014). This method is a suitable tool investigate the not fully 

understood processes behind the desorption of HONO. 

14. The investigation of bidirectional fluxes of HONO with a dynamic chamber setup is 

suitable, if alternating HONO mixing ratios are applied at the inlet of the chamber 

(Ermel et al 2014b). However, the following desorption is critical and was shown to 
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alter χcomp. Thus an additional optimum flux experiment with 0 ppb ambient HONO 

mixing ratio is necessary to determine χcomp. An optimization of the method should be 

considered, after the mechanisms of HONO desorption are better understood.  

15. Previously observed HONO to NO conversion on dry soil surfaces was found to be 

16% (Donaldson et al 2014). Ermel et al (2014b) established the dependency of 

HONO conversion on soil moisture. Conversions of up to 100% of the deposited 

HONO were observed. High HONO mixing ratios at night should be considered as a 

source of NO, although no radiation for photolysis is available. The underlying 

mechanism, however, remains unknown and further research is need to address this 

issue. 

16. The conceptual model on bidirectional fluxes of HONO from soil comprises four 

processes occurring at different soil moistures (Ermel et al 2014b). The limitation of 

partitioning of HONO between aqueous and gas phase (Su et al 2011), bacterial 

HONO formation (Oswald et al 2013a) via NH2OH (Ermel et al 2014a), adsorption 

(Donaldson et al 2014) and desorption (Ermel et al 2014b) of HONO to soil water 

contents where the respective process dominates, facilitates the applicability and 

understanding of the ecosystem specific compensation mixing ratio of HONO. 
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Abstract 

Nitrous acid (HONO) is a major precursor of the hydroxyl radical (OH) in the atmosphere, 

contributing up to 60 % to the total OH production during daytime. Consequently, HONO has 

a strong influence on atmospheric oxidative capacity, but is also an important source of nitric 

oxide (NO), a key catalyst for tropospheric ozone production. It was recently shown that soil 

can emit HONO at amounts similar to NO, and that nitrification by soil bacteria is responsible 

for a large fraction of these HONO emissions. Here, we investigate the microbial formation 

process of HONO. Laboratory experiments with pure cultures show that HONO emission is 

restricted to ammonia-oxidizing bacteria (AOB), whereas nitrite-oxidizing bacteria (NOB) do 

not emit HONO. These findings are confirmed by inhibition experiments with these groups of 

nitrifying soil bacteria. Hydroxylamine (NH2OH), which is released as a result of cell 

membrane damage by drying stress, is identified as precursor of HONO emissions by AOB, 

whereas nitrite production is of minor importance. Using a glass bead matrix, we observed 

that HONO is formed by a surface reaction of gaseous NH2OH with water vapor with an 

uptake coefficient ɣ = (9.3 ± 3.1) · 10-7, which is comparable to other heterogeneous reactions 

forming HONO. This explains why HONO emissions are mainly found at low soil water 

contents, as only then the soil particle surface is available for the heterogeneous reaction. Our 

results suggest that NH2OH is an important precursor in HONO formation from ammonia-

oxidizing bacteria in soil.  

Significance Statement 

The hydroxyl radical (OH), the main oxidant or “detergent” of the atmosphere, is produced to 

a significant extent by the photolysis of nitrous acid (HONO), and therefore HONO has a 

strong influence on the atmospheric oxidative self-cleansing mechanism. It was recently 

shown that ammonia-oxidizing bacteria in soil emit HONO at the same order of magnitude as 

the previously well-studied nitric oxide (NO). In this study we investigate the mechanisms 

driving this microbial emission of HONO. From pure culture experiments we find that a 

bacterial metabolite, hydroxylamine, is a precursor for HONO, and we identified a 

heterogeneous reaction explaining this formation process.  

Introduction 

The release of reactive nitrogen (Nr) from soil has been studied for more than 50 years (1, 2), 

mainly focusing on nitric oxide (NO) and nitrous oxide (N2O). In general, NO can be emitted 
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by soil microbes during nitrification (3) and denitrification (4). During the latter process 

nitrate (NO3
-) is mostly anaerobically reduced to nitrogen (N2) via nitrite (NO2

-), releasing 

NO and the greenhouse gas N2O as intermediates (5). Nitrification can be separated into two 

steps: the oxidation of ammonia (NH4
+) via hydroxylamine (NH2OH) to NO2

- by ammonia-

oxidizing bacteria (AOB)(6) and ammonia-oxidizing archaea (AOA)(7), followed by the 

transformation of NO2
- to NO3

- by nitrite-oxidizing bacteria (NOB) (8). The soil water content 

(SWC), which affects gas permeability, and hence the oxygen availability, determines which 

of the two processes dominates (9). Furthermore, SWC has a strong influence on the 

composition of the microbial communities (10). During these microbial transformations, NO 

can be released by either AOB (11) or NOB (12).  

Recently, Oswald et al. (13) demonstrated that, in addition to its abiotic formation from NO2
- 

and protons in the aqueous phase of soil (14), nitrous acid (HONO) can also be emitted by the 

AOB Nitrosomonas europaea, particularly at low SWC. This is an important finding for 

atmospheric chemistry, because HONO significantly influences the oxidative capacity of the 

atmosphere due to its photolysis during daytime, which yields the OH radical. Furthermore, 

the resulting NO has adverse effects on tropospheric ozone formation and hence, on air 

quality (15, 16). While the work of Oswald et al. (13) showed that soil HONO emissions are 

closely linked to NO emissions, the biological processes underlying the release of HONO 

from bacteria have not been investigated in detail.  

The NO release by AOB can occur at different steps of the ammonia oxidation chain. In the 

first step, the ammonium monooxygenase (AMO) produces NH2OH (17). The intermediate, 

NH2OH, is known to easily autoxidize in solution to NO2
- releasing the trace gases NO, N2O 

and N2 (18). In a second step, NH2OH is oxidized to NO2
- by hydroxylamine oxidoreductase 

(HAO) (19). This reaction is thought to form NO as a byproduct (20). During denitrification 

by nitrifiers, NO2
- is reduced stepwise to N2, which mostly proceeds analogously to the 

denitrification by denitrifiers (21, 22). However, the structure of the enzymes of the AOB 

differs from that of the denitrifiers, which reduce NO2
- by nitrite reductase (NIR) to NO (23). 

This is subsequently converted to N2O by nitric oxide reductase (NOR) (24). During these 

processes all intermediate gases can be emitted to the atmosphere (24). While the emission 

pathways of NO and N2O are relatively well studied, detailed investigations of the processes 

underlying soil HONO emissions are still lacking. 
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To close the gap of knowledge about this important pathway in the biogeochemical nitrogen 

cycle, we investigated several strains of AOB and NOB with the following goals: (a) 

identification of groups of nitrifying bacteria that are involved in soil HONO emission and (b) 

investigation of the different enzymatic reactions of bacterial nitrification and intermediates 

that are potentially responsible for HONO formation. Our aim is to provide an experimental 

basis to explain and quantify the role of soil HONO emissions and their impact on 

atmospheric chemistry.  

Results and Discussion 

We performed our experiments under controlled laboratory conditions using the dynamic 

chamber method (25). The soil samples were placed in Petri dishes and were wetted initially 

to reach field capacity (fc) (26). The bacterial cultures were grown in a liquid medium (27), 

which was applied to a layer of glass beads in a Petri dish to reach the fc of the glass beads. 

The Petri dishes containing the samples were placed into the chamber, which was then 

continuously flushed with dry purified air leading to a slow drying, during which the trace 

gases (HONO, NO, H2O, O3) in the air leaving the chamber were measured by commercial 

analyzers (for details see material and methods). Typically, a maximal emission of HONO 

and NO is observed at an optimal gravimetric water content during this drying-out process. 

These maximal emissions will be henceforth denoted as Fopt(HONO) and Fopt(NO). We will 

mainly use these optima to characterize and discuss the results. As an example, the results 

from a complete experiment are displayed in Fig S1. The cell density of the cultures was 

quantified by measuring the concentration of adenosine 5´-triphosphate (ATP) in µmol l-1, 

which correlates well with the microscopically derived cell density (Fig. S2). The cell density 

of the AOB cultures was typically determined just before the experiment, and was in the 

range of 2 to 20 µmol l-1 ATP. Since one experiment lasted about seven hours and the 

reproduction rate of AOB ranges between 12 and 20 hours (28), we neglect any significant 

growth of the cultures during the experiments. 

Overview of Bacteria Emitting HONO  

We investigated the ability of the NOB species, Nitrobacter winogradskyi, Nitrospira defluvii, 

and Nitrospira moscoviensis, and the AOB species, Nitrosmonas communis, Nitrosmonas 

europaea, Nitrsosomonas nitrosa, Nitrosomonas ureae, and Nitrosolobus multiformis, which 

represent all phylogenetic lineages comprising terrestrial and limnic AOB species (29), to 
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emit HONO and NO at a temperature of 25°C (Fig. 1). Our experiments showed that HONO 

emissions from AOB substantially exceed those of NO. In contrast, the NOB only emit very 

small amounts of NO and no detectable HONO. Our findings are in agreement with Oswald et 

al. (13), who found Fopt(HONO) to be four times larger than Fopt(NO) at low bacterial activity 

of the culture.  

 

Figure 1: HONO and NO are emitted by AOB, while NOB only emit very small amounts of 

NO. The cell density of the culture expressed as ATP concentration in µmol l-1 is shown 

above the corresponding bars. For the NOB no density data is available. All experiments were 

carried out at 25°C. 

Inhibition of Microbial Activity in Soil 

A soil sample taken from a wheat field was treated with the inhibitors methyl 3-(4-

hydroxyphenyl) propionate (MHPP) (30) and potassium chlorate (KClO3) (31) before 

performing a dry-out experiment in the dynamic chamber. 

The comparison between the inhibited and the untreated samples in Figs. 2a and 2b shows 

that Fopt(HONO) was reduced by 73 % and Fopt(NO), was reduced by 78 % by the MHPP 

inhibition. This result is comparable to the sterilization experiment with methyl iodide 

performed by Oswald et al. (13), reaching 75 % reduction of HONO and NO emissions for 

the same batch of wheat field soil. In contrast to the MHPP inhibition, the inhibition with 

KClO3 showed a reduction of only 41 % in Fopt(NO), whereas Fopt(HONO) increased by 29 % 

compared to the untreated sample. These results from the inhibition of microbial activity in 
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soil samples are consistent with pure culture experiments, as MHPP, an inhibitor of AMO 

(30) and hence of AOB activity, has an analogous effect as the sterilization agent methyl 

iodide (32) that was applied by Oswald et al. (13). 

 

Figure 2: The inhibitors MHPP and (KClO3) have opposite effects on soil HONO emissions 

from a wheat field soil (T = 25°C). The emissions are shown in light colors for the untreated 

sample and in dark colors for the inhibited sample. ((a) 1.0 µg g-1 soil MHPP and (b) 819 µg 

g-1 soil potassium chlorate was used to inhibit the microbial activity from the wheat field soil). 

The NOB inhibitor chlorate (31) reduces only the emissions of NO while it increases HONO 

release, which is likely due to the accumulation of NO2
-, increasing abiotic HONO emission 

(14). This confirms that bacterial HONO emission during the bacterial nitrification process is 

restricted to the ammonia oxidizing step and to AOB. In the following sections, we will focus 

on the HONO formation process by AOB. 

HONO Emission vs Cell Density 

HONO emissions from cultures of N. europaea (type strain) were measured during their 

growth at different cell densities (Fig. 3). Over the range of cell density of 0 to 5 µmol l-1  

ATP, Fopt(HONO) rises linearly, followed by a slower increase between 7 and 12 µmol l-1 l 

ATP. Beyond 12 µmol l-1  ATP, Fopt(HONO) decreases quickly and drops to nearly zero at a 

cell density of 20 µmol l-1  ATP. N. communis, N. nitrosa, N. ureae and N. multiformis follow 

the same pattern. The oligotrophic N. ureae shows lower emissions than the eutrophic strains.  
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Figure 3: Optimum emission Fopt(HONO) of N. europaea (green diamonds), N. communis 

(blue square), N. nitrosa (red triangle), N. ureae (orange circles) and N. multiformis (violet 

diamond) at different cell densities shown as ATP concentration. The cultures were grown on 

a suspension containing 10 mmol l-1 NH4
+. Error bars of Fopt represent the uncertainty of the 

results derived from Gaussian error propagation calculation (∆Fopt). Error bars of ATP 

measurements denote standard deviations (n=3).  

The lack of a linear relationship between Fopt(HONO)  and cell number (Fig. 3) is in contrast 

to the results from previous studies on NO emissions from AOB, which had shown a linear 

relationship (21). This linear relationship for NO release was mainly attributed to the 

enzymatic pathway of nitrifier denitrification. Hence, HONO emissions might not be directly 

correlated with enzyme activity, a parameter related to the number of cells, but with the 

different metabolic intermediates and products, whose concentration in the medium changes 

due to their production or consumption during the growth of the culture. We also investigated 

the behavior of the knockout mutants, nirK (33) and norB (34), of N. europaea, which are 

each lacking nitrite reductase (NIR) and NO reductase (NOR), respectively. Both emitted 

HONO at rates similar to the type strain (data not shown). Since these enzymes are both 

known to be involved in the nitrifier denitrification pathway, this mechanism can be excluded 

for HONO formation. 
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The Effect of Nitrite and Hydroxylamine 

 

Figure 4: (a) Optimum emission fluxes, Fopt(HONO) (orange circles), and ATP concentration 

(blue diamonds) for N. europaea as a function of NO2
- concentration in the culture. The NO2

- 

concentration in the culture suspension is positively correlated with the cell density of the 

culture measured as ATP concentration. b) Optimum emissions Fopt(HONO) (orange circles) 

and ATP concentration (blue diamonds) for N. europaea as a function of NH2OH 

concentration in the culture. For N. europaea, accumulation of NH2OH appears at cell 

densities between 7 and 12 µmol l-1  ATP. Error bars of Fopt represent results from the 

Gaussian error propagation calculation (∆Fopt). Error bars of ATP concentrations denote 

standard deviations (n=3). Error bars of c(NO2
-) and c(NH2OH) represent 1σ of the 

background. 

Figure 4a shows that Fopt(HONO) is positively correlated with NO2
- at concentrations below 

2 mmol l-1. However, above this threshold HONO emissions decline and approach zero at 

5.5 mmol l-1. This is in contrast to the linear correlation with c(NO2
-) that would be expected 

for abiotic HONO emission from NO2
- according to Henry’s law. Furthermore, the pH of 6.8 

– 7.2 inside N. europaea cells (35, 36) is too high for an effective protonation of NO2
- and, 

hence, a strong abiotic HONO emission. On the other hand, a nearly exponential correlation 

exists between the cell density and the NO2
- concentration (Fig. 4a), consistent with NO2

- 

being a metabolism product of N. europaea. This close linkage between c(NO2
-) and the 

number of cells explains the observed NO2
- dependency of Fopt(HONO). The cell density (Fig. 

3) also shows the pattern of a strong decrease in Fopt(HONO) after reaching a maximum, 

similar to the behavior of c(NO2
-) (Fig. 4a).  
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Figure 4b shows that Fopt(HONO) is positively correlated with the concentration of NH2OH in 

the culture suspension (for details on determination see material and methods). NH2OH as an 

intermediate is only observed at low concentrations of 0 – 0.35 mmol l-1, in contrast to NO2
-, 

which accumulates. Unfortunately, c(NH2OH) data are not available for all measurements, 

and due to the high limit of detection (LOD) of 0.033 mmol l-1 for NH2OH only three data 

points are valid. Higher values of c(NH2OH) result in stronger HONO emission. However, 

only some of the investigated cultures show NH2OH accumulation in the culture suspension 

(Fig. 4b). For N. europaea, accumulation of NH2OH appears at cell densities between 7 and 

12 µmol l-1 ATP, just before the observed collapse of HONO production shown in Fig. 2. The 

positive correlation of the HONO emission flux and c(NH2OH) may suggest that NH2OH is a 

precursor for HONO. The known hydrolysis of NH2OH to NO2
- in aqueous solution supports 

this theory (37). However, the number of data points is too low for robust conclusions. 

Effect of Ammonia Limitation on HONO Emission 

 

Figure 5: Optimum emissions, Fopt(HONO), for N. europaea and N. ureae cultures as a 

function of the ammonia availability per AOB cell acell(NH4
+)expressed as pmol cell-1. Green 

diamonds show N. europaea cultured in a 10 mmol l-1 NH4
+ culture suspension, brown 

diamonds show the results from cultivation in a 5 mmol l-1 NH4
+ culture suspension. Results 

from N. ureae cultured in 10 mmol l-1 NH4
+ culture suspension are represented by orange 

dots. Error bars of Fopt represent results from Gaussian error propagation calculation (∆Fopt). 
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The strong decrease in Fopt(HONO) shown in Figs. 3 and 4a could be related to the ammonia 

concentration in the medium. Although NO2
- is still produced at higher cell densities, which 

indicates that sufficient ammonia is present for the culture to grow, a threshold in the 

availability of ammonia might limit Fopt(HONO). Therefore we calculated the ammonia 

availability per AOB cell, acell(NH4
+), expressed as pmol cell-1, from the NH4

+ concentration 

and the cell density at the start of the experiment. For N. europaea a maximum of 

Fopt(HONO) was observed at 10-12 pmol cell-1, followed by a strong decrease of Fopt(HONO) 

with increasing acell(NH4
+) (Fig. 5). This pattern was found for N. europaea cultivated in 

suspensions containing 10 mmol l-1 NH4
+ or 5 mmol l-1 NH4

+. In addition, the oligotrophic 

species, N. ureae, followed the same pattern, although it showed a different Fopt(HONO) at 

different cell densities (Fig. 3). These findings indicate that the ammonia availability has a 

strong influence on HONO emission. Schmidt et al. (38) have shown that several AOB, 

including N. europaea, are able to accumulate ammonium and NH2OH up to an internal 

concentration of 1 mol l-1 and 0.8 mol l-1, respectively. At a low ammonium availability, 

below about 10 pmol cell-1, where Fopt(HONO) decreases strongly, the AOB might not be able 

to maintain their high internal stocks. The strongest emission Fopt(HONO) occurs at a low 

gravimetric water content θg of ~1.5% in each experiment. Thus the culture suspension 

becomes highly concentrated, as the volume of the suspension is reduced by ~94%. Hence 

AOBs are exposed to a strong osmotic pressure, which might lead to cell lysis and the release 

of accumulated NH4
+ and NH2OH. Reactions of NH3 and NH4

+ have been widely studied and 

it seems unlikely that they are a precursor of HONO. Instead, our results suggest that NH2OH, 

a molecule that has not been extensively studied in the gas phase under atmospherically 

relevant conditions, might be involved in the formation of HONO. 

Relation of F(HONO) and F(NH2OH) to Damaged Cells  

To confirm a link between Fopt(HONO) and the internally accumulated NH2OH, we applied 

formaldehyde (CH2O) to a culture suspension (Fig. 6). CH2O increases the permeability of the 

cell membranes, which should trigger the release of NH2OH and thereby initiate the HONO 

emission. Indeed, we found the onset of the release of HONO and NO to occur directly after 

the application of CH2O. The large peak at the end of the experiment, which is the discussed 

Fopt(HONO), can be attributed to the progressive drying-out process, which is indicated by the 

drop of H2O evaporated from the soil. 
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Figure 6: Disruption of the cell membrane by formaldehyde (CH2O) causes instantaneous 

emission of HONO and NO. The  H2O release from soil in the chamber is represented in 

arbitrary units.  

 

Figure 7: NH2OH is emitted by N. europaea at the same order of magnitude as HONO, but is 

released at higher gravimetric water content, θg, compared to HONO. The number of cells 

with damaged membranes rises with decreasing θg. Error bars of damaged cell numbers 

denote standard deviations (n=3). 
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We used a Proton Transfer Reaction Time of Flight Mass Spectrometer (PTR-TOF-MS) to 

investigate the potential release of NH2OH during the drying out of a culture suspension 

applied to glass beads. Additionally, the number of cells with damaged membranes was 

determined using fluorescence microscopy. Our results show that N. europaea is capable of 

emitting NH2OH (Fig. 7). The release starts at higher values of θg compared to the release of 

HONO and increases further during the drying out. Shortly before F(HONO) starts to rise 

strongly (at θg= 6 %), the F(NH2OH) maximum is reached and followed by a sharp decline. 

The rise in cells with damaged membranes follows the same pattern as F(HONO) from the N. 

europaea culture. This can be explained by the loss of membrane integrity caused by 

dehydration stress at low θg. Fopt(HONO) and Fopt(NH2OH) correspond to the strongest cell 

damage and support our theory of cellular NH2OH being released during the drying out of the 

cultures as precursor for gaseous HONO emissions. 

Surface Reaction of Gaseous NH2OH with Water Vapor 

 

Figure 8: Dependency of HONO formation on the glass bead surface during the surface 

reaction of NH2OH (207 ppb) with water vapor (12.5 mmol mol-1). 

To investigate the process of HONO emission further, we used a source of gaseous NH2OH 

that we flowed together with humidified air through a cartridge filled with different amounts 

of glass beads. We observed that the following reaction yields HONO (R1) in this setup: 

 NH2OH + H2O + surface → HONO + unknown products    R1 

A linear relationship between the glass bead surface and the produced HONO was found 

(Fig. 8). For the very short contact time of only 3 s between air and glass beads, the maximal 

conversion of NH2OH to HONO was found to be 8.6 %. We calculated the uptake coefficient, 
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ɣ, for the largest amount of glass beads to be ɣ = (9.3 ± 3.1) · 10-7, which is of the same order 

of magnitude as other heterogeneous reactions forming HONO (39, 40). Formation of HONO 

was not observed under completely dry conditions. Furthermore, a gas phase reaction of 

NH2OH with water vapor was not found (data not shown). Our results show that NH2OH can 

react to HONO on moist surfaces, which explains the observation of highest HONO 

emissions at low θg, as only in this case the full surface of the glass beads is available for the 

heterogeneous reaction R1. 

Finally, we investigated four different soil samples for their NH2OH release; however, no 

NH2OH emission could be detected, because an isotopomer of methanol (13CH3OH) 

apparently masks the very small expected NH2OH signal. Since soils have a substantially 

higher specific surface area (~ 10³ - 106 cm² g-1) compared to glass beads (59.6 cm² g-1), the 

heterogeneous reaction forming HONO is expected to be much more efficient. Hence, 

NH2OH cannot accumulate and its fluxes from soil samples are likely to be negligible, being 

replaced by HONO emissions. 

Conclusions 

In this study, we have discovered and explained a previously unknown process within the 

biogeochemical nitrogen cycle, which causes HONO emission from soils and is thus vitally 

important for atmospheric chemistry. Our results show that within the bacterial nitrification 

process the emission of HONO is restricted to AOB, and that NOB are not able to produce or 

emit this compound. Fopt(HONO) is not linearly correlated with the cell density of AOB 

cultures , but shows a maximum at intermediate cell densities followed by a strong decrease at 

higher cell densities. This indicates that HONO emission is not directly linked to enzyme 

activity in cells. Instead, the HONO emission strength depends on the ammonia availability 

per cell and hence also on the NH2OH concentration. We find that NH2OH, until now only 

known as an intermediate of the ammonia oxidation in cells, is released by AOB at all 

gravimetric water contents. This release is strongest during the drying-out phase of a culture 

suspension, which causes cell membrane damage and the release of internally accumulated 

NH2OH. In the presence of water vapor, NH2OH can react on surfaces to yield HONO. This 

heterogeneous reaction explains why HONO release occurs only at low soil water contents 

(<40 %), as only then sufficient particle surface is available. Although we cannot fully 

exclude soil as a source for NH2OH, its flux from the soil into the atmosphere is likely to be 

of minor importance due to the efficient conversion of NH2OH to HONO. 
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Materials and methods 

Experimental details on the dynamic chamber setup, NH2OH measurements, cultivation of 

bacteria, soil sampling and analysis, measurement of bacteria cultures and soil samples, as 

well as flux calculations can be found in the SI.  
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Materials and methods 

Dynamic chamber setup. A chamber made of Teflon (FEP) foil with a volume of 0.008 m³ 

was flushed with purified dry air at a flow rate of 1·10-4 m3 s-1 (Figure S1). The air supplied to 

the chamber first passed through a membrane dryer combined with a filter for compressed air 

(Clearpoint and Drypoint M from BEKO Deutschland GmbH, Germany). In the second step, 

any HONO present was photolyzed to NO and OH with a UV lamp (OG-1, Ultra-Violet 

Products Ltd, USA). A pure air generator (PAG 003, ECOPHYSICS, Switzerland) further 

purified the air of HONO, nitrogen oxides (NOx = NO + NO2), ozone (O3), hydrocarbons and 

water vapor. To prevent any reactive nitrogen trace gases from entering the system, a 

cartridge filled with Purafill (Headline Filters, Germany) completed the purification. To 

ensure sterile conditions, the chamber inlet was equipped with a sterile air filter (MILEX®-FG 

Vent Filter 0.2 µm, 50 mm diameter, Millipore, France). NOx was measured at the outlet of 

the chamber by a chemiluminescence analyzer (CLD 780TR, ECOPHYSICS, Switzerland, 

LODNO ≈ 35 ppt and LODNO2 ≈ 120 ppt). A UV-absorption analyzer (Model 49i, Thermo 

Electron Corporation, USA; LOD ≈ 0.5 pbb) was used to measure O3. The water vapor 

difference between the inlet and outlet of the chamber was determined with an infrared gas 

analyzer (LI-7000, Li-Cor Biosciences GmbH, Germany). A long path absorption photometer 

(LOPAP) (QUMA Elektronik & Analytik GmbH, Germany; limit of detection (LOD) ≈ 5 ppt) 

(1) was connected directly to the chamber to measure HONO. The chamber and the LOPAP 

sampling unit were placed in a temperature controlled cabinet. Data were acquired by a 

CR3000 Datalogger (Campbell Scientific, Inc., USA) every 60 s.  

NH2OH measurements.  Gaseous hydroxylamine (NH2OH) was measured using a 

commercial PTR-TOF-MS (Proton Transfer Reaction Time of Flight Mass Spectrometer, 

Ionicon Analytik GmbH, Innsbruck, Austria) (2). The measurement technique is based on the 

protonation of molecules with a proton affinity higher than water by H3O
+ ions that are 

generated in a hollow cathode discharge. NH2OH has a proton affinity of 803 kJ mol-1 (3), 

while the value for water is 691 kJ mol-1 (4). All protonated molecular ions are accelerated by 

an electrical field to the same kinetic energy such that the resultant velocity of the ions 

depends on the mass-to-charge ratio. Hence, the time-of-flight is used to measure the velocity, 

from which the mass-to-charge ratio can be determined (5). The mass resolution was 

approximately 3700 m/∆m and NH2OH was measured at mass 34.029. It should be noted that 

the 13C isotope of methanol at mass 34.037, which represents 1 % of the methanol signal, can 
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potentially interfere ambient measurements. For the pure culture experiments, NH2OH was in 

large excess over methanol. The instrument was operated with a drift pressure of 2.20 hPa 

(E/N 140 Td) and a drift voltage of 600 V. For mass calibration, 1,3,5- trichlorobenzene was 

used as internal standard. Data post-processing and analysis was performed by using the 

program “PTR-TOF DATA ANALYZER”, which is described elsewhere (6). NH2OH 

measurements were made with the chamber system described by Behrendt, et al. (7). The 

same inlet tube length was used for calibration and measurement in order to minimize the 

effect of wall losses. The instrument was calibrated for gas phase NH2OH using a custom 

sublimation unit with NH2OH purified by the method of Chang et al.(8). NH2OH was exposed 

to a nitrogen gas flow and the concentration was determined gravimetrically. The PTR-TOF-

MS was calibrated with a NH2OH mixing ratio of 893.8 ppb. Since the measured mixing 

ratios of NH2OH were lower (0-230 ppb) than the single-point calibration value, we assume a 

systematic error of 30 %, in contrast to compounds calibrated with pressurized gas standards, 

which typically have an overall uncertainty of about 10 %. The calculated detection limit (3σ 

of the noise) was about 15 ppt. For the surface reaction experiment with glass beads, the gas 

flow from the NH2OH source (745 ppb) was diluted with humidified air (12.5 mmol mol-1 

H2O) to a mixing ratio of 207 ppb NH2OH and directly passed through a cartridge with the 

glass beads. HONO produced from other wall reactions was subtracted as background signal.  

The measurement of NH2OH by any technique that requires tubing connections is 

challenging, because this molecule has a high affinity to adsorb on tubing walls due to its 

polarity. The possibility that the maximum F(NH2OH) observed in Fig. 7 might have been 

related to a desorption of NH2OH from the tubing, caused by the decreasing humidity, could 

be ruled out, since similarly soluble molecules, e.g., methanol, did not show such effects.  

Cultivation of bacteria. Ammonia-oxidizing bacteria were cultivated according to Krümmel 

and Harms (9) in a culture suspension containing 10 mM NH4
+. The purity of the cultures was 

checked microscopically and by the use of a nutrient broth test (Standard 1 nutrient broth, 

Merck KGaA, Germany) to ensure that the cultures were free of heterotrophic contaminants 

(10). The AOB Nitrosomonas communis (Nm2) (11), Nitrosomonas europaea (Nm50, ATCC 

25978) (12) , Nitrosomonas nitrosa (Nm90) (11), Nitrosomonas ureae (Nm10) (11), and 

Nitrosolobus multiformis (Nl13) (13), and the NOB Nitrobacter winogradskyi (« Engel »), 

Nitrospira defluvii (A17), and Nitrospira moscoviensis (M) were used in this study. 
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Soil sampling and analysis. The soil sample from the wheat field (Mainz-Finthen, Germany, 

49.97°N, 8.16°E) (14) was taken from the uppermost soil layer (5 cm). The sample was dried 

at 40 °C for 24 hours, sieved to 2 mm, and stored at 4 °C in open plastic bags before 

measurement. 

Measurement of bacteria and soil samples. All samples were prepared in petri dishes (100 x 

20 mm, Duran Group, Germany) with 50 g of either soil sample or glass beads (0.25 – 0.50 

mm diameter, Carl Roth, Germany) (14). For NH2OH measurements a smaller petri dish (50 x 

20 mm, Duran Group, Germany) with 12 g of glass beads and soil, respectively, was used. 

The soil samples were wetted with purified water to reach water holding capacity (WHC), see 

Behrendt et al. (7). The sample was subsequently placed into the dynamic chamber. For the 

inhibition experiments either potassium chlorate (1.3 g l-1; ≥ 99%, Carl Roth, Germany) or 

methyl 3-(4-hydroxyphenyl) propionate (2.0 mg l-1, 97%, Sigma-Aldrich, Germany) were 

added to the purified water.  

For bacteria culture samples, the glass beads and glass bowl were sterilized by washing with 

70 % ethanol (absolute for analysis, Merck, Germany). Sterility of the setup was checked by 

an ATP assay on a sample of sterile AOB nutrient solution. Bacteria culture suspension or 

sterile culture solution was added to the glass beads to reach whc and the sample was 

subsequently placed into the dynamic chamber. Prior to the measurement, the cell density of 

the culture was measured using an ATP kit (BacTiterGlo, PROMEGA GmbH, Germany) and 

a luminometer (GloMax 20/20, PROMEGA GmbH, Germany). The NO2
- concentration in the 

culture suspension was measured according to ISO/TS 14256-1. NH2OH in the culture 

suspension was oxidized with iodate to NO2
- by the method of Afkhami, Madrakian and 

Maleki (15). NO2
- from this reaction was also determined according to ISO/TS 14256-1. The 

difference between the NO2
- concentration before and after the iodate addition equals the 

NH2OH concentration. The ammonium availability per AOB cell acell(NH4
+) was calculated as 

follows: 

*�+,,�.//	012�� � 	 �$3$456789:;�#"�<	6=>?�
�	@��
�∙B��C4        (1) 

with the initial NH4
+ concentration of the culture suspension, cinit(NH4

+) in mmol l-1, the 

measured NO2
- concentration, cmeas(NO2

-), in mmol l-1, the volume of the culture suspension, 

Vcult, in l-1, the number of bacteria per volume, c(Bact) in cells l-1. The error was calculated 

according to Gaussian error propagation. 
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Flux calculations. HONO, NH2OH and NO fluxes were calculated according to the following 

formula: 

( )inout
mVA

Q
F χχ −⋅

⋅
=          (2) 

where F is the flux of trace gas in nmol m-2 s-1, Q is the purging flow rate in m3 s-1, A is the 

area of soil in m2, Vm is the molar volume of air in m3 mol-1, and χout and χin are the headspace 

mixing ratios at the outlet and inlet of the chamber, respectively, in ppb.  

The error of F was calculated as follows: 
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 (3) 

The error of Vm was neglected. The error of A was assumed to result from a 1 mm uncertainty 

of the dish radius. The noise (3σ) of the measured flow rate was used to estimate ∆Q. The 

error of χin was set to the limit of detection of the instruments. For the error of χout of HONO, 

an additional uncertainty of 10 % of the absolute value was added to the limit of detection. 

For the other species the error of χout was derived as for χin.  
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Supporting Figures 

 

Figure S1: F(HONO) and F(NO) of a pure culture experiment as a function of the gravimetric 

water content θg. The experiment starts under wet conditions at high ϴ on the right hand side 

and proceeds to low θg during the drying out on the left hand side. 
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Figure S2: The ATP concentration of a culture as a function of the microscopically 

determined cell density. Error bars denote standard deviations (n=3). 
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Figure S3: Schematic overview of the setup used to measure F(HONO) and F(NO). It can be 

separated into zero air generation, measurement and calibration, analyzer and data acquisition. 
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Abstract 

Recent studies showed that nitrous acid (HONO) can be emitted by soils in significant 

amounts. The microbial and chemical processes in soil leading to the release of HONO have a 

considerable influence on the chemistry of the lower troposphere. Recent field experiments 

found bidirectional fluxes of HONO from the ground surface, but up to now only one 

laboratory study investigated bidirectional fluxes of HONO. In this study, we used a dynamic 

chamber system to determine the bidirectional flux of HONO by exposing each of six soil 

samples collected in the field to two different HONO mixing ratios. We observed 

bidirectional fluxes for all samples. HONO fluxes were found to be constant with increasing 

soil layer thickness and, thus, we discuss the application of the compensation point concept. 

Due to the various processes involved in emission and uptake of HONO, we introduce the 

“ecosystem specific compensation mixing ratio of HONO”, χcomp, which is a function of the 

soil water content. We observed χcomp to be in a range of 0.09 – 239.9 ppb. During our 

experiments we found uptake of HONO that is subsequently followed by a strong release 

when HONO free air was applied. Our results support a recent finding that adsorbed HONO 

during nighttime can strongly contribute to its daytime release and, hence, might explain part 

of the missing daytime source. We identified four processes in soils, which are responsible for 

the release and uptake of HONO. These processes are portioning of HONO between gas and 

liquid phase, bacterial formation from hydroxylamine (NH2OH), adsorption and desorption, 

which are all phyisco-chemical processes. We show their contribution in a conceptual model 

as a function of the soil water content. 

 

1. Introduction 

The cycling of reactive nitrogen (Nr) in soil is mainly driven by nitrification and 

denitrification, which both are carried out by bacteria (Meixner and Yang, 2006). It is well 

known that during both processes the trace gases nitric oxide (NO) (Pilegaard, 2013) and 

nitrous oxide (N2O) (Bouwman et al., 2013) are produced and emitted to the atmosphere. 

About 20% of the global NO release can be attributed to soil emissions (Stocker et al., 2013). 

Hence, the factors controlling this process were investigated in detail previously. The 

production and destruction of tropospheric ozone (O3), a pollutant hazardous to plants 

(Lamaud et al., 2009) and humans (Uysal and Schapira, 2003), is driven by NO and volatile 
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organic compounds (VOC) (Crutzen and Lelieveld, 2001), hence, soils can have severe 

effects on atmospheric chemistry and human health.  

It was recently shown that emission fluxes of nitrous acid (HONO)from arid and arable soils 

can be in the same order of magnitude as those of NO (Oswald et al., 2013). The photolysis of 

HONO during daytime produces NO and OH, the major oxidant of the atmosphere (Lammel 

and Cape, 1996). Consequently, HONO has a strong influence on the reactivity of the 

atmosphere and was recently shown to have a significant influence on cloud formation 

(Elshorbany et al., 2014). This additional “source” of NO from HONO emitted by soil might 

explain the discrepancy between the soil NOx (NO and NO2) emission determined with global 

models and satellite-based approaches (Oswald et al., 2013). HONO formed in soil can be 

released or taken up from the partitioning of nitrous acid between the soil solution and the gas 

phase, which is formed from soil nitrite (Su et al., 2011) and by ammonia-oxidizing bacteria 

(AOB) via the intermediate hydroxylamine (Ermel et al., 2014). Several recent field studies 

suggested that HONO fluxes from soil are bidirectional (Twigg et al., 2011;Wong et al., 

2012;VandenBoer et al., 2013). 

Recent laboratory studies showed that soil can indeed act as a sink for HONO (Donaldson et 

al., 2014;Oswald, 2014). Donaldson et al. (2014) coated a flow tube reactor with dry soil and 

investigated the uptake coefficient of HONO as result of a heterogeneous reaction at different 

relative humidity and HONO mixing ratios. In contrast, (Oswald, 2014) studied the uptake of 

HONO on soil in a laboratory dynamic chamber system as a function of the soil water content 

(SWC) and used the production and consumption concept, which has been applied for soil-air 

exchange of NO and other trace gases for many decades (Remde et al., 1989;Feig et al., 

2008;Behrendt et al., 2014). However, the prerequisite for the application of this concept is 

that production and consumption of the trace gas occur in the same soil layer (Conrad, 1994). 

In this case, the net release rate (J) of NO or any other trace gas determined with a dynamic 

chamber system is a function of production (P) and consumption (U): 

E � F
�<G$CB# 	
��
 � 
���         (1) 

E � H � I           (2) 

where J (nmol kg-1 s-1) is calculated from the purging flow Q (m³ s-1), the mixing ratio of the 

trace gas at the inlet χin and at the outlet χout of the chamber (ppb), the mass of the soil (kg) 

and the molar volume of air Vm (m³ mol-1) (Pape et al., 2008;Behrendt et al., 2014). An 

important parameter is the compensation mixing ratio χcomp, at which the production and 

consumption equal each other (Behrendt et al., 2014;Remde et al., 1989;Conrad, 1994). It can 
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be calculated from a set of two experiments with different inlet mixing ratios of the trace gas 

(Breuninger et al., 2012;Behrendt et al., 2014): 


���, � JG�4,K
�;LG�4,>?LG�4,K

L$3,>?L$3,K
         (3) 

where indices 1 and 2 refer to the two experiments and χin,2 > χin,1. In contrast to NO, for 

which a constant compensation mixing ratio for all SWC was found (Behrendt et al., 2014), 

Oswald (2014) showed that the HONO mixing ratio compensation point is a function of 

SWC. This implies that, although their production processes are strongly related (Oswald et 

al., 2013), different consumption mechanisms for NO and HONO exist. 

To investigate this further, we measured HONO soil-air exchange fluxes for different soil 

samples with a laboratory dynamic chamber system. Furthermore, one selected soil sample 

was studied intensively by exposing it to h different HONO mixing ratios, and by 

investigating this effect on bidirectional HONO fluxes. We provide a detailed discussion on 

the applicability of the compensation point concept for HONO and resolve major drawbacks 

of the classic concept. 

 

2. Materials and Methods 

2.1 Soil samples 

The soil samples were taken from the upper soil layer (0-5 cm). HONO release of samples S2 

and S3 was previously investigated by Oswald et al. (2013). Sample S5 was intensively 

investigated by Su et al. (2011);Oswald et al. (2013);Ermel et al. (2014);Oswald et al. 

(2014a). HONO emission from Sample S1 was investigated by Oswald et al. (2014b). 

Samples S1 (Boreal forest, Hyytiälä, Finland, 61.846°N, 24.295°E) was sieved to 16 mm 

instead of 2 mm after sampling, due to the high organic content (Bargsten et al., 2010). 

Samples S2 (eucalyptus forest, Grose Valley, Australia, 33.61°S, 150.63°E), S3 (pasture, 

Hawkesbury River flood plain, Australia, 33.57°S, 150.77°E), and S5 (wheat field, Mainz-

Finthen, Germany, 49.97°N, 8.16°E;) were dried at 40 °C for 24 h, sieved to 2 mm and stored 

at 4 °C in open plastic bags before measurement. 

Samples S4 (White millet field, Rajasthan, India, 28.07°N, 73.65°E) and S6 (Sugar cane, 

Punjab, India, 30.65°N, 76.55°E) were collected dry. The samples were sieved to 2 mm and 

stored at 4°C in open plastic bags until measurement. 
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Standard DIN and ISO procedures were used to characterize the chemical and physical 

properties of the soil samples: bulk pH of soil was measured according to ISO 10390, nitrite, 

nitrate and ammonium according to ISO/TS 14256-1, loss on ignition according to DIN 

19684-3 (Blume et al., 2000). All soil extracts were prepared with potassium chloride (KCl). 

 

2.2 Experimental setup 

The dynamic chamber setup used in this study is identical to one from Ermel et al. (2014), 

except for adding the HONO source and the valve controlling the HONO inlet mixing ratio. 

The system consists of the chamber itself, a compressed air purification system, an analyzer 

system and a valve system. The chamber is coated with Teflon (PFE) foil and has a volume of 

0.008 m³. It was purged with 1·10-4 m3 s-1 of purified compressed air, further denoted as zero 

air, which was obtained from a pure air generator (PAG 003, EcoPhysics, Switzerland) and 

was free of NOx (NO + NO2), O3, HONO, hydrocarbons and water vapor (dew point -30°C). 

Before the compressed air entered the PAG, it was pre-dried by a membrane dryer (Clearpoint 

and Drypoint M, BEKO Deutschland GmbH, Germany) and exposed to an UV lamp (OG-1, 

Ultra-Violet Products Ltd, USA) to photolyse HONO. The air leaving the chamber was 

analyzed by a differential H2O and CO2 analyzer (LI-7000, Li-Cor Biosciences GmbH, 

Germany), which used zero air as reference. Furthermore, NOx was measured by a 

chemiluminescence NO analyzer (CLD 780TR, ECOPHYSICS, Switzerland; Limit of 

Detection (LODNO) ≈ 35 ppt), using a specific photolytic converter for NO2 (Photolytoc NO2 

converter, Air Quality Desogn, Inc., USA; LODNO2 ≈ 120 ppt). An UV-absorption photometer 

(Model 49c, Thermo Electron Corporation, USA; LOD ≈ 0.5 pbb) was used to measure O3. 

Data of these instruments was acquired by a datalogger (CR3000, Campbell Scientific, Inc., 

USA) every 60 s. A long path absorption photometer (LOPAP, QUMA Elektronik & Analytik 

GmbH, Germany; LOD ≈ 5 ppt) (Kleffmann et al., 2002;Heland et al., 2001) measuring 

HONO was directly connected to the chamber to avoid artefacts due to wall losses on long 

tubing. HONO was produced from hydrochloric acid (HCl, 37%, Sigma-Adlrich, Germany) 

and potassium nitrite (KNO2, cryst. for analysis, Merck KGaA, Germany) after the method of 

Febo et al. (1995) at a flow of 8.3·10-3 m³ s-1. In order to expose the soil samples to different 

HONO mixing ratios during a single experiment, a time controlled valve switched the HONO 

flow into the chamber every 45 min. The entire dynamic chamber system was placed in a 

large temperature controlled cabinet (KB115, Binder GmbH, Germany). 
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The NOx and O3 analyzer were calibrated with NO standard gas (25.1 ± 0.5 ppb NO, Linde, 

Germany) and gas phase titration unit (Sonimix 6000, Schmidlin, Switzerland), which has a 

built-in O3 generator. A dew point generator (Li-610, Li-Cor Biosciences GmbH, Germany) 

was used to calibrate the H2O analyzer. The LOPAP was calibrated by using a nitrite standard 

solution (CertiPUR, ß(NO2
-) = 999 ± 5 mg/l, Merck KGaA, Germany). 

2.3 Measurement procedure 

The background signal of the LOPAP instrument was determined before and after the 

measurement by introducing purified air directly to the inlet. The mixing ratios of HONO and 

NO at the chamber inlet, χin,2,HONO and χin,2,NO, were also determined prior and after the 

experiment by flushing the empty chamber until constant mixing ratios were achieved. 

Continuous measurement of the HONO mixing ratio from the HONO source during an entire 

experiment showed that a linear function can be used to describe the HONO mixing ratio 

change over time. 

To conduct an experiment, a soil subsample of 50 g were homogeneously distributed in a petri 

dish (100 x 20 mm, Duran Group, Germany) and wetted to reach water holding capacity 

(whc) (Oswald et al., 2013;Behrendt et al., 2014). The sample was then placed in the dynamic 

chamber. Two different types of experiments were conducted. First, a standard experiment 

was made with each subsample using only purified air during the experimental course (χin,1 = 

0 ppb). Second, a discontinuous experiment was made during which the HONO source was 

activated via the time controlled valve, which switched from HONO free air (χin,1 = 0 ppb) to 

an elevated mixing ratio of HONO (χin,2 = 14-125 ppb). After dry-out of the sample during the 

experiment the residual water content was determined by drying (105°C) until constant 

weight was reached. For each BFE experiment two data sets were retrieved due to the 

switching of the valve and, hence, measurements are discontinuous over the whole SWC 

range. We applied fit functions using mathematical models provided by the software ORIGIN 

8.6G to fill in the missing data for further analysis.  

2.4 Calculations 

2.4.1 Soil water content 

The described measurement setup does not allow for online measurements of any quantity 

used to describe the water content of the soil. However, the gravimetric soil moisture before 

and after the measurement can be easily measured. The loss of water during the experiment 
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can be calculated by the water released as water vapour, which is measured at the chamber 

exit. According to Bargsten et al. (2010), the gravimetric soil moisture can be calculated: 

MN	O�	�	θg	whc� � θg	tmax�	�	 X YZ∙4
[ d


X �7�tmax
0

d

       (4) 

With θg(t) (%) the gravimetric water content at time t (min), θg(whc) the gravimetric water 

content at water holding capacity, tmax is the total experiment time and RH is the relative 

humidity. 

For further discussion and comparison of different soils, which feature different θg(whc), it is 

more suitable to use the soil water content (SWC) expressed as % of whc (for details see 

Oswald et al. (2014a):   

SWC	�	 a!	�	100
a!	at	WHC� 	          (5) 

2.4.2 Net flux 

Net fluxes F (nmol m-2 s-1) of HONO and NO are calculated as: 

F	�	 Q
A�Vm

	
��
 − 
���          (6) 

where A is the surface area of the petri dish (m²), Vm the molar volume of air, Q the purging 

air flow rate (m³ s-1), χin the inlet and χout the outlet mixing ratio. Errors were calculated 

according to Gaussian error propagation (Ermel et al., 2014). 

2.4.3 Compensation mixing ratio 

The compensation mixing ratio χcomp for soil measured at two different values for χin was 

calculated according to eq. (3). In a graph with χin as abscissa and χout as ordinate, a linear 

regression can be used to calculate χcomp: 

c =
JG�4,>;JG�4,K

J$3,>;J$3,K
          (7) 

and 

d = 
��
,�           (8) 

resulting in 


���,	�	 �
�;�           (9) 

 The error of χcomp is then derived from the error of m and b: 

Δ
���,	�	fg �
�;�∆dij + g �

	�;��> ∆cij       (10) 
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3. Results  

The soil samples S1 – S6 cover a wide range of different soil properties like pH, nutrients and 

loss on ignition (LOI) (Tab. 1). 

Table 1: Summary of soil properties: pH, nutrients, LOI and whc of soil samples S1 – S6 (see 

Sect. 2.3). Values marked with * are below the limit of detection (LOD) and the LOD is 

shown. 

Sample pH N-NH4
+ N-NO2

- N-NO3
- whc LOI 

  mg kg-1 mg kg-1 mg kg-1 kg kg-1 % 

S1 3.0 1.6 0.07 2.0 595 52.3 

S2 3.7 1.3 0.15* 12.3 68.8 4.4 

S3 5.4 2.9 0.15* 17.5 62.7 3.5 

S4 7.1 3.0 2.00 1.9* 29.4 1.0 

S5 7.2 18.1 1.00 77.7 63.5 5.2 

S6 7.2 5.4 0.09 1.9* 25.4 1.4 

 

3.1 Net flux and χcomp 

Applying a mixing ratio of HONO of 0 ppb at the chamber inlet χin,1 during the discontinuous 

experiment (Fig. 1) causes only very low, but relatively constant emissions at high SWC and 

high emission at low SWC for soil sample S5. This optimum curve of the HONO release from 

soil was recently described in several studies (Oswald et al., 2013;Ermel et al., 2014;Oswald 

et al., 2014a). A similar pattern can be found at an elevated HONO mixing ratio at the 

chamber inlet χin,2 = 14 ppb (Fig. 1). However, the slope of the linear part at high SWC is 

different from the slope at 0 ppb. In the SWC range from 33 to 100 % of whc, χout,2 is below 

the inlet mixing ratio χin,2, which implies an uptake of HONO by the soil. Consequently, net 

emission of HONO from the soil was found at low SWC (0 – 32 % of whc).  
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Figure 1: Mixing ratios of HONO during a discontinuous experiment with S5. HONO inlet 

mixing ratio χin was controlled by a valve (see text). The inlet mixing ratio of HONO χin,1 was 

0 ppb. The inlet mixing ratio χin,2 provided by the HONO source is shown as a cyan colored 

solid line. Orange and brown dots represent the measured mixing ratios of HONO χout,1 and 

χout,2, respectively. The fit functions (see section 2.3) are shown as solid lines of the respective 

color. An optimum function was used to model the maximal emission at optimum SWC and a 

linear function was applied to the lower emissions at higher SWC. Error bars denote the 

measurement uncertainty of the LOPAP instrument (10 % + 2 σ). 

 

However, during subsequent discontinuous experiments using higher values for χin,2, we 

found that χout,1 varies with χin,2 at HONO inlet mixing ratios of 0 ppb (Fig. 2). This effect 

causes (a) different shapes of the optimum emission curves, (b) a different pattern of the 

constant emission at higher SWC and (c) different net fluxes. Additionally, a near-linear 

relationship between χout,1 and χin,2 was found for different soil moistures (not shown). For this 

reason, we decided to use the χout,1 from the standard experiment with purified air (χin,1 = 0 

ppb, see section 2.3) to calculate net fluxes and also to determine compensation mixing ratios. 

A detailed discussion about the unexpected variation of χout,1 will be presented in the 

following sections. 
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Figure 2: HONO outlet mixing ratio χout,1 at 0 ppb inlet mixing ratio of soil sample S5 during 

switching of the valve to elevated inlet mixing ratios of HONO χin,2 = 14 ppb (red), 70 ppb 

(blue) and 125 ppb (green). Error bars denote the measurement uncertainty of the LOPAP 

instrument (10 % + 2 σ). 

 

The net flux of HONO F2(HONO) from soil sample S5 at an ambient HONO mixing ratio of 

14 ppb (Fig. 2), was calculated according to equation (6). Net deposition of HONO to the soil 

is indicated by negative fluxes F2(HONO) at high SWC, while HONO net emission is 

indicated by positive F2(HONO) . At χin,1 = 0 ppb F1(HONO) is always positive. Hence, the 

direction and magnitude of the HONO net flux depends on the ambient HONO mixing ratio, 

which has been frequently observed for other trace gases such as e.g., NO (Behrendt et al., 

2014), CH4 (Seiler et al., 1983) and N2O (Chapuis-Lardy et al., 2007). 
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Figure 3: The net fluxes F1(HONO) for χin,1 = 0 ppb and F2(HONO) for χin,2 = 14 ppb of soil 

sample S5 are shown as a function of the soil water content. The error bars represent the 

uncertainty derived from Gaussian error propagation. 

 

At SWC values of ~32 % of whc F2(HONO) is about 0 nmol m-2 s-1, thus emission 

(production) and uptake (consumption) compensate each other. According to classical 

microbial theory, the corresponding ambient mixing ratio is called the compensation point 

(Conrad, 1994). As discussed in detail in Sect. 4.2, we will use the term “ecosystem specific 

compensation mixing ratio” instead of compensation point mixing ratio χcomp. The four 

mixing ratios, χin,1, χin,2, χout,1 and χout,2, and equations (7) – (9) can be used to calculate χcomp 

for the entire SWC range (Fig. 4). Similar to χin,1 and χin,2, χcomp shows an optimum  curve with 

a maximum at lower SWC and a near-linear decrease towards higher SWC.  
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Figure 4: The ecosystem specific compensation mixing ratio χcomp of soil sample S5 for χin,2 = 

14 ppb is shown as a function of the soil water content. The error bars of χcomp denote the 

uncertainty derived from Gaussian error propagation. 

3.2 Net fluxes for different soil layer thickness 

As a result of different emission and uptake processes the net flux of a trace gas from soil can 

vary with increasing soil layer thickness. We investigated the relationship between F2(HONO) 

and the soil layer thickness of S5 (Fig. 5). The samples were analysed at 100 % of whc and 

F2(NO) was measured as a reference, since the soil-air exchange of NO is well characterized. 

The error of χin and χout was obtained from the standard deviation of 10 data points, which 

equal 10 min of measurement. The net fluxes of HONO and NO are both negative and, hence, 

only net deposition was observed at χin,2(HONO) = 28 ppb and χin,2(NO) = 43 ppb (Fig. 5). 

F2(HONO) and F2(NO) appear to be constant with increasing soil layer thickness (2 – 40 

mm).  
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Figure 5: Net fluxes of HONO (orange diamonds) and NO (green circles) as a function of soil 

layer thickness. Soil sample S5 was wetted to reach whc and exposed to inlet mixing ratios of 

χin,2(HONO) = 28 ppb and χin,2(NO) = 43 ppb. The error bars of the net flux represent the 

uncertainty derived from Gaussian error propagation. 

 

The experiment was repeated for S5 at low SWC values (SWC < 1 %, Fig. 6). Inlet mixing 

ratios were χin,2(HONO) = 25 ppb and χin,2(NO) = 49 ppb. Repeatedly, F2(HONO) is negative 

for all soil layer thickness. However, the uptake increases with increasing thickness of the soil 

layer up to 21 mm, but remained constant up to 40 mm, which is the maximal possible layer 

thickness in the used measurement setup. In contrast, the net NO flux changed from uptake 

within the first 10 mm to emission with increasing layer depth.  
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Figure 6: Net fluxes F2(HONO) (orange diamonds) and F2(NO) (green circles) as a function 

of soil layer thickness. Dry soil samples (SWC < 1 %) of S5 were investigated at inlet mixing 

ratios of χin,2(HONO) = 25 ppb and χin,2(NO) = 48 ppb. The error bars of the net flux represent 

the uncertainty derived from Gaussian error propagation. 

3.3 Net fluxes for different χin 

The discontinuous experiment was repeated for soil sample S5 at different χin,2(HONO) of 

14 ppb, 70 ppb and 125 ppb. The net fluxes derived from the measurements with χin,2(HONO) 

= 14 ppb and 70 ppb show a comparable pattern (Fig. 7) and at χin,2(HONO) = 70 ppb the soil 

is nearly a complete sink for HONO. The kink in F2(HONO) at χin,2(HONO) = 70 ppb can be 

attributed to the merging of the fit functions. A completely different pattern for the net flux is 

found for χin,2(HONO) = 125 ppb, which exhibits a net deposition maximum at 25 % of whc. 

This is the only experiment with χin,2 > χcomp over the whole SWC range. The HONO emission 

optimum might be masked by the dominance of adsorption. 
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Figure 7: Net fluxes F2(HONO) of soil sample S5 at different inlet mixing ratios of HONO 

χin,2= 14 ppb (red), 70 ppb (blue) and 125 ppb (green). The error bars of the net flux represent 

the uncertainty derived from Gaussian error propagation.  

 

From the three sets of experiments with χin,2(HONO) = 14 ppb, 70 ppb and 125 ppb, we 

calculated the ecosystem specific compensation mixing ratio χcomp using χin,1 = 0 ppb from the 

standard experiment (Fig. 8). All three experiments show a strong overlap in χcomp for the 

SWC range from 60% of whc to 100% of whc. This, however, leads to χcomp, which is much 

smaller than HONO*. The experiments with χin,2(HONO) = 70 ppb and 125 ppb show a good 

agreement in χcomp from 33 % to 100 % of whc. The ecosystem specific compensation mixing 

ratio for χin,2(HONO) = 14 ppb is higher at soil moistures between 33 % and 50 % of whc. At 

lower SWC, where the emission occurs, values of χcomp differ strongly in magnitude and 

shape from each other, although experiments with χin,2 = 14 ppb and 70 ppb show a better 

overall agreement in χcomp. 
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Figure 8: The ecosystem specific compensation mixing ratio χcomp of soil sample S5. The inlet 

mixing ratios of HONO are χin,1 = 0 ppb (standard experiment), χin,2 = 14 ppb (red), 70 ppb 

(blue) and 125 ppb (green). The HONO gas phase equilibrium mixing ratio HONO* (pink 

triangles) was calculated according to Su et al. (2011). The error bars of χcomp represent the 

uncertainty derived from Gaussian error propagation. 

3.4 Net fluxes and χcomp for different soils 

A comparison of investigated net fluxes of HONO for the six different soil samples used in 

this study is not straightforward because χin,2 was different for each experiment. Hence, we 

use the ecosystem specific compensation point χcomp to compare the six samples. Since χcomp 

varies with soil moisture we will use the three most prominent points of the curve to compare 

χcomp. These are (1) at water holding capacity (χcomp,whc), (2) at the emission optimum 

(χcomp,Fopt) and (3) at dry conditions (χcomp,dry) (Table 2). 
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Table 2: Summary of the optimum net flux and ecosystem specific compensation mixing 

ratios of soil samples S1 – S6 based on experiments with χin,1 = 0 ppb (standard experiment) 

and the shown χin,2. For each soil sample χcomp is shown at water holding capacity (χcomp,whc), 

at optimum emission (χcomp,Fopt) and under dry conditions (χcomp,dry). Samples S4 and S6 were 

investigated with one discontinuous experiment. 

Soil sample χin,2. Fopt χcomp, whc χcomp, Fopt χcomp, dry 

 ppb nmol m-2 s-1 ppb ppb ppb 

S1 157.1 0.243 1.62 ± 0.38 1.59 ± 0.87 0.09 ± 0.08 

S2 9.5 0.324 1.42 ± 0.13 1.53 ± 0.30 0.76 ± 0.20 

S3 8.6 0.237 0.54 ± 0.11 1.94 ± 0.51 8.70 ± 8.80 

S4 17.2 25.46 0.09 ± 0.01 239.9 ± 22.7 8.12 ± 1.91 

S5 14.1 8.731 0.49 ± 0.08 53.02 ± 11.98 5.44 ± 1.73 

S6 168.2 4.554 1.27 ± 0.17 9.26 ± 1.14 4.57 ± 0.69 

 

The observed Fopt(HONO) for the soil samples are in good agreement with the findings of 

Oswald, et al. (2013), taking  land use type (Sect. 2) and pH into account (Table 1). The 

ecosystem specific compensation mixing ratio χcomp for soil samples S1 – S6 varies from the 

low ppt range up to several hundred ppb. Highest χcomp are found at Fopt(HONO) for all soils, 

which is caused by the strong microbial formation of HONO. As this process appears to be 

irreversible, high ambient mixing ratios are required to compensate this release by uptake 

through adsorption or Henry’s law. Consequently, the best correlation between soil properties 

and χcomp was found for the mixing ratio at the optimum flux χopt and χcomp,Fopt, as the release 

dominates over the uptake. 

It is noteworthy, that some of the χcomp values are below typical nighttime mixing ratios of 

HONO (1 – 3 ppb) or even typical daytime mixing ratios of HONO (30 – 300 ppt) (Wong et 

al., 2012;Li et al., 2012;Villena et al., 2011;Acker et al., 2006). For instance, soil sample S4 

reveals χcomp below 1 ppb for a SWC ≥ 35% of whc (Fig. 9). Hence, this soil will be mostly a 

sink for HONO. 
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Figure 9: The ecosystem specific compensation mixing ratio χcomp of soil sample S4 is below 

1 ppb at SWC ≥ 35% of whc. The error bars of χcomp represent the uncertainty derived from 

Gaussian error propagation. 
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3.5 Adsorption and desorption of HONO 

 

Figure 10: The mixing ratio of HONO at the chamber exit for the standard experiment (orange 

circles) is much lower than during a discontinuous experiment with the switching valve 

system (brown circles) for soil sample S1, although both are measured at χin,1(HONO) = 

0 ppb. The ratio between the additionally released HONO during the discontinuous 

experiment with χin,1(HONO) = 0 ppb and the HONO taken up by the soil during the 

experiment with χin,2(HONO) = 157 ppb (red squares) varies with the SWC. The error bars of 

the mixing ratios of HONO denote the uncertainty of the LOPAP instrument. 

 

Soil sample S1 was measured with the standard experiment (χin,1(HONO) = 0 ppb )and with 

the discontinuous experiment (χin,2(HONO) = 157 ppb). Figure 10 shows the difference 

between the mixing ratios of HONO at the chamber outlet for χin,1 = 0 ppb from these two 

experiments. During the standard experiment χout(HONO) for S1 is in the range of a few ppt 

(close to the detection limit). However, for the discontinuous experiment χout,1 is about three 

order of magnitude higher. These findings are comparable to the observed increase of χout,1 at 

elevated χin,2 for soil sample S5 (Figure 2) and indicate that HONO can be adsorbed by soil 

and is subsequently released when lower ambient mixing rations prevail. We calculated the 

ratio between the additionally released HONO (during χin,1 = 0 ppb) and the HONO adsorbed / 

taken up by the soil (during χin,2 = 157 ppb). This ratio is approaching unity with decreasing 

soil moisture. 
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3.6 Elevated ambient HONO mixing ratios influence NO emission 

The NO release from soil sample S1 was determined during a standard and discontinuous 

experiment (Fig. 11). Very low NO emissions (few ppt)were found during the standard 

experiment.However, exposing the soil to elevated HONO mixing ratios (χin,2 = 140 ppb) led 

to an optimum shaped emission of NO of up to 4.2 ppb. We calculated the ratio between the 

additionally emitted NO and the HONO taken up by the soil. The ratio is a function of the 

SWC and varies between 0 % and > 100 %. At SWC below 25 % of whc the uncertainties of 

the ratio, which were derived by Gaussian error propagation, increase strongly because less 

HONO was taken up. The difference between two high HONO mixing ratios in the 

denominator leads to errors that are larger than the possible maximum of 100 %.  

 

Figure 11: The mixing ratio of NO at the chamber outlet for a standard experiment (light 

green circles) is much lower than during the discontinuous experiment (dark green circles) for 

soil sample S1, although both are measured at χin = 0 ppb HONO. The ratio between the 

additionally released NO and the HONO taken up by the soil during the discontinuous 

experiment (red squares) varies with SWC. The error bars of the HONO mixing ratios denote 

the uncertainty of the LOPAP instrument. For the HONO to NO conversion every fifth error 

bar derived from Gaussian error propagation is shown.  
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4. Discussion 

4.1 Bidirectional fluxes of HONO from soil 

We investigated six soil samples with a laboratory dynamic chamber system and found 

distinct responses of HONO soil-air exchange to SWC and the ambient HONO mixing ratios. 

Oswald (2014) reports bidirectional fluxes of HONO from a pasture soil, which was exposed 

to two different ambient HONO mixing ratios in two separate experiments. Our results are in 

general agreement with those findings and emphasize the ambiguous role of HONO fluxes 

from soil. Our laboratory results support some recent field studies that reported bidirectional 

HONO fluxes between ground surface and atmosphere (VandenBoer et al., 2013;Wong et al., 

2012;Twigg et al., 2011). 

4.2 Defining the compensation mixing ratio of HONO 

The occurrence of bidirectional fluxes of a trace gas implies the existence of the so called 

compensation point (Conrad, 1994). This point, which can be either expressed as 

concentration or as mixing ratio, describes the ambient mixing ratio of a trace gas at which the 

net flux is zero. Two prerequisites are vitally important for the application of this concept: (i) 

production and consumption occur simultaneously and (ii) both processes are located in the 

same soil layer. According to these definitions by Conrad (1994), the concept is mainly 

applicable to microbial production and consumption processes of trace gases, for instance CO, 

H2, N2O, NO, NO2 and OCS. 

Contrary, the production and consumption of HONO is related to several different processes. 

The partitioning of nitrous acid between gas phase and aqueous phase within soils (Su et al., 

2011) is both depending on the nitrite concentration in the soil solution and on the ambient 

HONO mixing ratio. This partitioning by Henry’s law might explain the strong uptake of 

HONO at high SWC (Fig. 3). HONO formation from hydroxylamine (NH2OH) released by 

ammonia-oxidizing bacteria (Ermel et al., 2014) is only an indirect source of HONO, as a 

reaction of NH2OH on a surface at low SWC is necessary. This process is mainly responsible 

for strong emissions of HONO in soils at neutral pH (Oswald et al., 2013). However, this 

process is only a production term, as the reverse reaction of HONO to NH2OH is unlikely. 

Uptake of HONO by deposition on soil particles is an important consumption process in soil 

(Donaldson et al., 2014). Up to now, only one laboratory study investigating this process was 

performed and was limited to dry soil samples. The desorption of deposited HONO on soil 
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was recently proposed as an additional source of HONO and might explain a large fraction of 

the missing HONO daytime source (VandenBoer et al., 2013). This process might be the 

result of the adsorption observed during our experiments (see Sect. 3.5 and also Sect. 4.4). 

Hence, bidirectional fluxes of HONO are controlled by at least four different processes. Since 

many of these processes were discovered recently, additional processes cannot be excluded. 

For example, uptake of HONO by nitrite-oxidizing bacteria or release by ammonia-oxidizing 

archaea might be possible. As all of the identified processes are not of (direct) microbial 

nature and are not necessarily occurring simultaneously the criterion (i) for the application of 

the compensation point concept according to Conrad (1994) is not fulfilled. 

We demonstrated that HONO net fluxes are constant for soil sample S5 at 100 % whc for 

increasing soil layer thickness (Fig. 5). This finding is essential to allow the application of the 

dynamic chamber system (Remde et al., 1989). Under dry conditions, we found constant 

HONO net fluxes for a soil layer thickness above 20 mm. This is likely related to adsorption 

of HONO on dry soils (Donaldson et al., 2014). Since the diffusion of HONO is higher at low 

SWC for dry soils, deeper layers are better accessible for gaseous HONO (Oswald et al., 

2014a) and have to be considered in contrast to for soils at whc. Hence, the two experiments 

show that uptake of HONO is related to at least two different processes, namely partitioning 

of HONO according to Henry’s law and adsorption of HONO. The uptake of HONO appears 

to be constant for increasing thickness of the soil layer. Under this assumption, prerequisite 

(ii) is fulfilled. However, the relevant processes at different SWC are not yet completely 

understood and our experimental setup is restricted to a maximum soil layer thickness of ~ 

40 mm. Further studies on this subject with higher soil layer thickness are required. 

Consequently, according to the definition by Conrad (1994) the application of the classical 

compensation point concept is not advisable. However, we believe that it is still possible to 

calculate a compensation mixing ratio with the retrieved data. The resulting compensation 

mixing ratios of HONO, however, are not constant with SWC as known for e.g., the 

compensation point of NO (Behrendt et al., 2014;Conrad, 1994;Remde et al., 1989). 

Nevertheless, the significance of a variable compensation mixing ratio has to be questioned. 

For instance, the NO compensation mixing ratio determined for different soil samples is 

usually comparable for a certain land use type. For HONO, however, the compensation 

mixing ratio can vary by several orders of magnitude within one experiment, e.g. S4 (Table 2 

and Fig. 9). As the processes, underlying the ecosystem specific compensation mixing ratio of 

HONO, depend much on site specific conditions and soil properties, the use of these values 

for global upscaling is not recommended. However, it appears to be a useful tool to improve 
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the knowledge of the still not fully understood role in the biogeochemical nitrogen cycle and 

the chemistry of HONO in the atmosphere. For instance, the compensation mixing ratio of 

HONO could be determined for several soil samples during a field campaign. This would 

clearly define the role of soil for the HONO exchange fluxes at the measurement site and, if 

SWC is also measured, it could help to interpret measured vertical profiles of HONO. 

As noted above, the compensation mixing ratio of HONO can vary strongly with SWC for 

one soil sample. Therefore, we suggest using the term ecosystem specific compensation 

mixing ratio of HONO, as it exhibits a clear distinction from the compensation point by the 

definition of Conrad (1994). 

4.3 Determination of χcomp 

For the calculation of the ecosystem specific compensation mixing ratio of HONO, χcomp, it is 

necessary to perform at least two experiments with different HONO inlet mixing ratios. As 

shown in Fig. 9, the resulting χcomp strongly depends on the experimental conditions, such as 

the inlet mixing ratio χin,2, in case a valve is used that switches χin during the experiment. This 

is a result of adsorption and subsequent desorption of HONO (see Sect. 4.4), yielding 

different results for χin = 0 ppb for standard and discontinuous experiment. For this reason, we 

recommend to use a standard and a discontinuous experiment to determine resulting χcomp, 

although this may introduce uncertainties due to subsample variability. A valve for switching 

between different HONO inlet mixing ratios is necessary to avoid accumulation of nitrite in 

the soil and, hence, an alteration of soil nutrients, as nitrite is quickly transformed to other 

forms of Nr. Since adsorption and desorption of HONO on soil are not fully understood yet, 

switching of HONO mixing ratio should also be preferred as surface saturation effects cannot 

be precluded yet.  

It is possible to conduct a linear regression for each SWC out of several experiments, in order 

to increase accuracy of χcomp by the use of a larger data set from several individual 

experiments with different values for χin,2. The variation in the strength and shape of the 

optimum emission, however, leads to large errors for this SWC range (see Fig. 8). It is likely, 

that this problem can be attributed to subsample variability, which is well known for e.g. NO 

flux measurements (Bargsten et al., 2010;Gelfand et al., 2009;Laville et al., 2009;Yu et al., 

2010). This variability is usually associated with differences in the microbial activity and, 

hence, also important soil parameters such as the NO2
- concentration. Behrendt et al. 2014 

solved this problem by conducting all required experiments on one subsample. Unfortunately, 

this concept, which integrates the valve system as shown for the discontinuous experiments, 
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needs an additional standard experiment for HONO. For the linear range of the deposition 

(Fig. 12), the regression of data from several experiments with different χin will likely result in 

more accurate χcomp. However, it needs to be considered that at least four processes are 

involved in the resulting bidirectional HONO flux (see Sect. 4.2) and none of them appears to 

be sufficiently characterized to ensure a linear relationship of χcomp to χin. We propose that 

multiple experiments at two inlet mixing ratios of HONO, e.g., 0 ppb and 10 ppb should be 

conducted for the determination of χcomp. We suggest 10 ppb HONO, as this is still relatively 

close to atmospheric conditions, but yields a large difference between HONO taken up and 

inlet mixing ratio. This results in comparably low uncertainties from Gaussian error 

propagation. 

 

Figure 12: The mixing ratio of HONO χout,1 as a function of the inlet mixing ratio χin,2 at soil 

water contents 40% of whc (red diamonds), 60% of whc (green circles) and 80% of whc (blue 

triangles). Error bars denote uncertainties of the LOPAP instrument. 

 

For the six measured soil samples only one correlation for the investigated χcomp was found. It 

has to be noted that for S4 and S6a standard experiment could not be conducted and, hence, 

the desorption effect was not eliminated. However, a relationship between the optimum 

emission of HONO and the ecosystem specific compensation mixing ratio of HONO at the 
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optimum emission was found (Tab.2 ). This indicates, that the optimum emission is a non-

reversible process, as more HONO needs to be deposited with increasing Fopt(HONO) and, 

hence, the release dominates over the uptake processes. Our results support the recent findings 

of bacterial HONO formation from hydroxylamine (Ermel et al., 2014), which appears to be 

irreversible. 

Su et al. (2011) proposed HONO* as equilibrium gas phase mixing ratio of HONO, which is 

derived from partitioning of HONO between gas and liquid phase. We calculated HONO* 

and found that χcomp below HONO* for soil sample S5 (Fig. 8), while for other soil samples 

HONO* was several orders of magnitude larger than χcomp.  The discrepancy was especially 

large for soil samples with low pH. However, HONO* resembles the shape of χcomp at higher 

SWC well. Hence, the release and uptake of HONO by wet soil might be explained the 

concept of Su et al. (2011), which is based on Henry’s law. At lower SWC, χcomp is above the 

calculated HONO*, indicating that a different process becomes dominant. It has to be 

considered, that the nitrite pool in soil is an intermediate in the fast transformation from 

ammonia to nitrate and back (Russow et al., 2009). Thus, the nitrite concentration used to 

determine HONO* might vary during the experiment, which would result in different 

HONO*. Further studies with continuous monitoring of soil nitrite concentrations are required 

to determine the contribution of soil nitrite to HONO emission. 

4.4 Adsorption and desorption of HONO 

The adsorption of HONO on the soil surface has been reported from field studies 

(VandenBoer et al., 2013) and was also observed in the laboratory (Donaldson et al., 2014). 

At high ambient HONO mixing ratios we found net deposition fluxes of HONO occurring in 

the whole investigated SWC range (Fig. 7). Thus, uptake of HONO can occur by dry and wet 

soil. The partitioning from soil nitrite (Su et al., 2011) can only be considered at higher SWC, 

as it is based on Henry’s law, which implies “infinite dilution” (Henry, 1803;Smith and 

Harvey, 2007). For dry soils, the competitive adsorption of HONO and water described by 

Donaldson et al. (2014) appears to be more reasonable. This process, however, is strongly 

depending on the relative humidity. Therefore, the representativeness of χcomp at low SWC has 

to be questioned. As the humidity drops at the end of an experiment, where SWC is low and, 

hence, close to the conditions of Donaldson et al. (2014), the adsorption is maximal. 

Consequently, the calculated χcomp values are minimal estimates.  

The discontinuous experiments yielded higher emissions at χin,1 = 0 ppb, than a standard 

experiment at χin = 0 ppb without the change of the ambient mixing ratio of HONO. Hence, 
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desorption of adsorbed HONO as postulated by (VandenBoer et al., 2013) can be measured 

directly. For soil sample S1 the ratio between the mixing ratios of desorbed and adsorbed 

HONO (Fig. 10) was a function of SWC and values reached unity at a certain SWC, which 

implies that desorption can be as strong as adsorption. However, it has to be considered that 

the ambient mixing ratio of HONO was switched every 45 minutes and, hence, desorption 

likely was not completed. This might explain the higher desorption at the end of the 

experiment (at lower SWC), as adsorbed HONO accumulated. At higher SWC, adsorption via 

Henry’s law is subject to the acid base equilibrium of nitrite and nitrous acid, which will 

buffer the desorption process by the accumulation of soil nitrite. Further experiments will be 

needed to investigate the temporal and quantitative scales of desorption and adsorption of 

HONO on soil surfaces. The 15N tracer method of Wu et al. (2014) might be a suitable tool. 

The strength of the desorption supports the findings of VandenBoer et al. (2013), who 

attribute a large fraction of the missing daytime source to desorption of HONO. 

The production of NO from adsorbed HONO on soil was shown recently by Donaldson et al. 

(2014), who reported a yield of 16 % on dry soil. We found the HONO to NO conversion to 

vary between 0 and 100 %, although values in the lower SWC range are prone to large errors 

(see Sect. 3.6). As most other measured or calculated quantities, the conversion of HONO to 

NO is a function of SWC. Lower yields at high SWC might be attributed to the uptake via the 

acid-base mechanism forming a reservoir of nitrite, which can be accumulated and released at 

lower ambient mixing ratios. In contrast, adsorption has no coupled additional equilibrium at 

low SWC, which acts as a storage for HONO. This process might be relevant for field 

measurements, as an upward NO flux derived from conversion of adsorbed HONO might be 

measured at the site, while the measurement of soil samples in a laboratory dynamic chamber 

system with HONO free air might reveal lower fluxes. This implies that adsorption of ambient 

HONO can influence emission fluxes of NO from soil. 

4.5 Implications of low χcomp for atmospheric chemistry 

Mixing ratios of HONO are usually in the range of 30 – 300 ppt during daytime and 0.5 – 5 

ppb at night (VandenBoer et al., 2014;VandenBoer et al., 2013;Zhang et al., 2012;Sörgel et 

al., 2011;Villena et al., 2011). Our results show that many of the observed χcomp at very low 

and high soil water contents are below typical values of nocturnal HONO mixing ratios. 

Consequently, soils can indeed act as a sink during nighttime, which was previously proposed 

by several field studies (VandenBoer et al., 2013;Wong et al., 2011;Su et al., 2008b;Su et al., 

2008a;Stutz et al., 2004;Stutz et al., 2002;Sörgel et al., 2011). However, for some of the soil 
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samples, for instance S4 (Fig. 10), we found that χcomp(HONO) can also be lower than typical 

daytime HONO mixing ratios. Hence, soils can also act as sinks during daytime. This has 

important implications for the atmospheric chemistry of HONO, as the missing HONO 

daytime source (Sörgel et al., 2011;Oswald et al., 2013;Kleffmann et al., 2003) could be 

larger than expected for some field sites, since soil can be an additional sink term in the 

budget. However, the previously discussed adsorption and desorption processes need to be 

considered. Obviously, a soil with low χcomp will take up even more HONO at night and, 

hence, might be a strong desorption source during the following day. Further studies are 

required to evaluate which of these two processes will dominate and how this will influence 

atmospheric chemistry. 

4.6 A conceptual model for HONO soil-air exchange 

We previously identified four different processes controlling the bidirectional fluxes of 

HONO. All of these are a function of the SWC and, hence, the contribution to the net flux 

varies with the SWC as well. The partitioning of HONO between gaseous and aqueous phase, 

is restricted to higher SWC due to the principles of Henry’s law. We found χcomp to exceed 

HONO* at 30% of whc (Fig. 8), where bacterial HONO formation starts to dominate. 

Therefore, we assume that the gas-liquid partitioning is only relevant in the SWC range from 

30 – 100% of whc. From the studies of Oswald et al. (2013) we know that bacterial formation 

is restricted to the lower SWC range from 0 – 30% of whc, with an optimum at about 15% of 

whc. Additionally, bacterial formation is only a release process (Ermel et al., 2014). 

Adsorption of HONO was recently shown to occur on dry soils, but an upper limit was not 

reported up to now (Donaldson et al., 2014). It also appears difficult to distinguish adsorption 

and uptake by Henry’s law. As the maximal emission of HONO from NH2OH is related to the 

water limitation of AOB, we assume that adsorption is only relevant in the strongly water 

limited SWC from 0 – 15% of whc. As our results in Figs. 2 and 10 show, desorption of 

HONO can occur at all SWC from 0 – 100% of whc. However, we do not differentiate 

between release from soil nitrite and release from adsorbed HONO, as no clear distinction is 

possible. Further experiments with isotope labelled HONO and nitrite are necessary to 

distinguish the contribution of both processes. Fig. 15 summarizes the discussed processes in 

a conceptual model. 
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Figure 15: Simplified scheme of the contribution of the different processes involved in HONO 

release and uptake as a function of SWC. While adsorption, bacterial formation and 

partitioning from soil nitrite dominate at a certain SWC, desorption can occur at all SWC, 

depending on the ambient HONO mixing ratio.  

 

5. Summary and Conclusions 

In the present study, HONO exchange fluxes of six different soils were investigated in a 

laboratory dynamic chamber system. We found bidirectional fluxes for all analysed samples. 

A soil sample from a wheat field in Germany was intensively studied to investigate 

bidirectional fluxes with increasing soil layer thickness and varying ambient HONO mixing 

ratios. As the flux of HONO was found to be constant with increasing soil layer thickness, an 

important prerequisite for the application of the compensation point concept was fulfilled. 

However, we introduced the new term “ecosystem specific compensation mixing ratio of 

HONO”, χcomp, because the classical concept by Conrad et al. (1994) requires biological 

production and consumption to occur simultaneously. This prerequisite was not fulfilled for 

HONO and we identified at least four mainly physicochemical processes influencing 

bidirectional HONO fluxes. These are (a) partitioning from soil nitrite, (b) HONO formation 
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from NH2OH released by bacteria, (c) adsorption and (d) desorption of HONO. These 

processes all depend on the soil water content and each dominates within a certain SWC 

range. Hence, χcomp is a function of the soil water content and is not constant as found for e.g. 

NO (Behrendt et al., 2014). The application of a valve system to switch between two different 

HONO levels (0 ppb and 10 – 150 ppb) and comparison with measurements using only 

purified air during the experimental course showed that HONO is adsorbed at higher ambient 

mixing ratios and desorbed from the soil when exposing the sample to HONO free air.  The 

desorption rate was found to vary with soil water content and can reach the magnitude of the 

adsorption rate. This confirms recent findings from a field study (VandenBoer et al., 2013), 

revealing a strong contribution of HONO desorption from the ground to the unknown daytime 

source. In addition, we found the conversion yield of adsorbed HONO to NO to be a function 

of the soil water content and yields of up to 100 % for an acidic soil sample. This reveals the 

influence of HONO on NO emission fluxes from soil. The low χcomp found at high soil water 

content for several soil samples indicates that soil can act as a HONO sink even during 

daytime when low mixing ratios (30 – 300 ppt) prevail. Hence, soil can also increase the 

unknown daytime source. However, the relation between low χcomp and desorption of 

nocturnally accumulated HONO requires further experiments to draw final conclusions. We 

have investigated fundamental insights providing a basis for future studies on soil-air 

exchange of HONO that is highly relevant for atmospheric chemistry.  
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