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,In der Wissenschaft gleichen wir alle nur den Kindern, die am Rande des
Wissens hier und da einen Kiesel aufheben, wihrend sich der weite Ozean
des Unbekannten vor unseren Augen erstreckt.”

Isaac Newton
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Abstract

Nitrous acid (HONO) is an important reactive nieagspecies, which is short lived due to the
photolysis yielding nitric oxide (NO) and hydroxgdicals (OH). While the latter is the major
oxidant of the atmosphere and thus of crucial ingrare for the self-cleansing ability of the
atmosphere, NO is considered as an air pollutanarering the formation of ozone. Hence,
HONO has an ambivalent role in atmospheric chegibut is usually considered as a major
source of OH. A sound understanding of sourcessariké of HONO is a basic prerequisite to
assess its impacts on the environment. Howeveiroag daytime source of HONO s still
missing and nighttime HONO deposition on the growas only postulated. Soil emissions
of HONO were recently suggested to explain the imgssource. This thesis aims to reveal
the processes of HONO release and uptake fromasall to understand the underlying
mechanisms.

In order to quantify the role of HONO soil emissspri7 soils covering a wide range of soil
parameters were investigated in a dynamic chamsters. HONO emissions were found to
be in the same order of magnitude as the well-stltliO emissions from soil and for some
samples NO release was exceeded by HONO. GenegrflliNO emissions occurred at low
soil water contents below 30% of water holding citya Unexpectedly, strongest emissions
were found for soils of neutral pH from arid anal@e regions. Such areas comprise about
20% of the earth’s terrestrial surface, thus derratisg the global importance of HONO
emission from soil. Temperature dependencies of BOahd NO release lead to the
assumption of a microbial release of HONO, whichswaonfirmed by pure culture
experiments with the ammonia-oxidizing bacteriuditrosomonas europaeand soil
sterilization experiments. A conceptual model olease of reactive nitrogen species (NO,
N2O, Np) by microbes from soil as a function of the so#ter content was extended by
HONO soil emissions.

Further analysis of the bacterial release of HONM@nf soil showed that only ammonia-
oxidizing bacteria are capable of emitting HONOhiitmicrobial nitrification, by evidence
from pure culture and inhibition experiments. Ceiternal accumulated hydroxylamine
(NH,OH) was shown to be responsible for HONO releage, tontrolled introduction of cell
lysis. NHLOH was measured for the first time in the gas plaaskwas released by ammonia-
oxidizing bacteria during the entire soil water @ range investigated. The heterogeneous
reaction of NHOH with water vapor on glass bead surface was shtiowiorm HONO. In
addition, the occurrence of HONO emissions at lal moistures is explained by this

reaction, as only then the surface is availableéHereaction and not covered by water.
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A N tracer method was developed to measure isotapieléd gas-phase HONO, which
enables the investigation of formation processesiONO and its role in biogeochemical
cycles. The azo dye formed during the detectionth®y long path absorption photometer
(LOPAP) is utilized for further analysis, as thdrogen atom of HONO is quantitatively
conserved into the dye. Purification by solid pha&sd#raction of the dye solution and
subsequent analysis by high performance liquid rolatography coupled to mass
spectrometry yield th&N relative exceedance. Application of the method tsoil sample
with N labeled urea, which was investigated in a dynach@mber system, confirmed our
recent findings of the strong contribution of dmalcteria to HONO release.

Bidirectional fluxes of HONO were found for six iestigated soil samples. The direction of
the flux is depending on the ambient mixing rattcH®ONO and the soil water content. An
important value to describe the bidirectional fligxthe “ecosystem specific compensation
mixing ratio of HONO”, ycomp This new term was defined and introduced as #réouws
processes involved in the soil exchange of HONO rase compatible with the classic
definition of the compensation point. Loyomp below typical daytime mixing ratios of
HONO for some soils and, hence, uptake of HONOeakthe ambivalent role of soil in the
exchange of HONO. The results confirm recent fieldervation, that HONO, which was
adsorbed to soil at high ambient mixing ratiosdésorbed from the soil at low ambient
mixing ratios of HONO. Thus HONO deposited duringht time can be transformed to a
source of HONO during daytime. Four processesitjwaing of HONO according to Henry’s
law, bacterial HONO formation via NH, adsorption and desorption of HONO were
identified to be dominant at certain soil moistur@fius, a conceptual model about the
processes involved in release and uptake of HOM®@ foil as a function of the soil water
content was developed.

Overall, this thesis revealed crucial processeth@exchange of HONO between soil and
atmosphere and the mechanism of bacterial HONO&tom was elucidated. Soil was shown
to be an important source and sink of HONO andcéeits consideration in future field

observations is highly encouraged.



Zusammenfassung

Salpetrige Saure (HONO) ist eine wichtige Form weaktivem Stickstoff, die aufgrund ihrer
Photolyse zu Stickstoffmonoxid (NO) und dem Hyddoagiikal (OH), sehr kurzlebig ist.
Wahrend letzteres das wichtigste Oxidans in derplase und deshalb von grofter
Bedeutung fur die Selbstreinigungsfahigkeit der a¢phéare ist, wird NO als Luftschadstoff
angesehen, der die Bildung von Ozon férdert. We&sH&NO eine ambivalente Rolle in der
atmospharischen Chemie hat, jedoch wird es oftralsstarke Quelle fir OH-Radikale
betrachtet. Ein genaues Verstandnis der Quellen 8S8edken von HONO ist eine
grundlegende Voraussetzung, um dessen Einflussliaumwelt zu beurteilen. Allerdings
wird immer noch nach einer starken HONO-Quelle ag §esucht und nachtliche HONO-
Deposition auf den Boden wurde bisher stets nutuiegd. Bodenemissionen von HONO
wurden kurzlich vorgeschlagen um die fehlende @uali erklaren. Diese Dissertation folgt
der Zielsetzung die Prozesse der HONO-Aufnahme-brelsetzung von Boden aufzudecken
und die zugrunde liegenden Mechanismen zu verstehen

Um die Rolle von HONO-Bodenemissionen zu quangfien, wurden 17 Bdden, die ein
gro3es Spektrum von Bodenparametern abdecken,namedynamischen Kammersystem
untersucht. Es konnten HONO-Emissionen derselbail3&rordnung wie die bereits gut
untersuchten NO-Emissionen festgestellt werdereiiigen Proben lberstiegen die HONO-
Emissionen die NO-Freisetzung. Im Allgemeinen wardike Emissionen von HONO bei
niedrigen Bodenwassergehalten unter 30% der Feddiid@p gefunden. Unerwarteter Weise
wurden die starksten Emissionen bei Boden mit aértr pH aus ariden und landwirt-
schaftlichen Gebieten beobachtet. Dies sind etvia @6r terrestrischen Erdoberflache, was
die globale Relevanz von HONO-Bodenemissionen z&g Temperaturabhangigkeit der
Bodenemissionen von HONO und NO fuhrten zu der Anma einer mikrobiellen
Freisetzung von HONO, welche durch Reinkulturexperite mit dem ammonium-
oxidierenden BakteriumNitrosomonas europaeaind Sterilisationsexperimente bestatigt
werden konnte. Ein konzeptionelles Model fur dieis@tzung reaktiver Stickstoffverbindun-
gen aus Boden in Abhangigkeit des Bodenwassergshalirde um HONO-Emissionen
erweitert.

Durch Nachweise mittels Reinkultur- und Inhibitiesperimenten konnten weitere
Untersuchungen der bakteriellen Freisetzung von BCGis Boden zeigen, dass innerhalb
der bakteriellen Nitrifikation nur ammoniumoxidiede Bakterien zur Emission von HONO
fahig sind. Durch kontrolliert initiierte Zelllys&onnte gezeigt werden, dass intrazellular

akkumuliertes Hydroxylamin (N¥OH) fur die HONO-Freisetzung verantwortlich sindinZ




ersten Mal wurde NFOH in der Gasphase nachgewiesen und dass diesedaibgesamten
Bodenfeuchtebereich von ammoniumoxidierenden Bmgtefreigesetzt wird. Es wurde
gezeigt, dass die heterogene Reaktion von,HH mit Wasserdampf auf einer
Glasperlenoberflache HONO bildet. Diese Reaktiddaer die beobachtete Freisetzung von
HONO bei niedrigen Bodenfeuchten, da nur dann dierflache zur Reaktion zur Verfligung
steht und nicht von Wasser bedeckt ist.

Eine >N Isotopenmarkierungsmethode wurde entwickelt unojsenmarkiertes gasférmiges
HONO zu messen, was die Untersuchung der Bildungsgse von HONO und dessen Rolle
in biogeochemischen Zyklen ermdglicht. Der Azoftolfs der wahrend der Detektion durch
das Langwegabsorptionsphotometer (LOPAP) gebilded, vkann fir die weitere Analyse
verwendet werden, da das Stickstoffatom in HONOnjtadiv im Farbstoff konserviert wird.
Durch die Reinigung mittels FestphasenextraktianFdebstofflésung und die darauffolgende
Analyse mithilfe von Hochleistungsflissigkeitschietographie gekoppelt mit Massenspek-
trometrie erhalt man den relativéitN Uberschuss von HONO. Die Anwendung dieser neuen
Methode auf eine Bodenprobe die Ml Harnstoff angereichert und in einem dynamischen
Kammersystem untersucht wurde, bestatigt die obigygebnisse einer starken mikrobiellen
Beteiligung von Bodenbakterien zur HONO Freisetzung

Bidirektionale Flisse von HONO wurden flr sechswsuchte Bodenproben gefunden. Die
Richtung der Flisse hangt dabei vom Umgebungsmigswerhaltnis von HONO und dem
Bodenwassergehalt ab. Eine wichtige Groéf3e, die biiirektionalen Flisse von HONO
beschreibt, ist das ,Okosystem spezifische Komp@rsamischungsverhaltnis von HONO*,
xcomp Dieser neue Begriff wurde definiert und eingefiita die verschiedenen in den
Bodenaustausch von HONO involvierten Prozesse nichit dem klassischen
Kompensationspunktkonzept kompatibel sind. Niedrigen, unterhalb den typischen
Tagesmischungsverhaltnissen von HONO, was eine H@N@ahme Uber Tag zur Folge
hat, zeigen die ambivalente Rolle von Béden im HOAItausch. Die Untersuchungen
bestéatigen neueste Feldbeobachtungen, dass HONEhesebei hohen Umgebungsmisch-
ungsverhaltnissen vom Boden adsorbiert wird, bedmgen Mischungsverhaltnissen wieder
vom Boden desorbiert wird. Folglich wird nachtliakkumuliertes HONO tagsiber in eine
Quelle fur HONO umgewandelt. Vier Prozesse - Vertgj von HONO zwischen Gas- und
Flissigphase nach Henrys Gesetz, bakterielle HON@umy aus NHOH, Adsorption und
Desorption von HONO - und deren Dominanz in sp&aieBodenfeuchtebereichen wurden

identifiziert. Dadurch wurde ein konzeptionelles déb fir die Prozesse, die in Aufnahme



und Freisetzung von HONO aus Bdden involviert sial$, Funktion der Bodenfeuchte
entwickelt.

Zusammenfassend hat diese Dissertation die entlsid®@n Prozesse im Austausch von
HONO zwischen Boden und Atmosphére aufgeklart werdaer bakteriellen HONO Bildung
zugrunde liegenden Mechanismus aufgedeckt. Es &ayereigt werden, dass Boden sowohl
eine wichtige Quelle als auch eine Senke fur HOMN@ and sollten folglich in zukUnftigen
Feldmessungen starker bertcksichtigt werden.
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1. Introduction and Motivatiori A

1. Introduction and Motivation

1.1 The nitrogen cycle

Nitrogen (N) is essential for the growth and healttall forms of living. The earths’ largest
reservoir of nitrogen in form of the inert moleaukasitrogen (N) in the atmosphere can
naturally only be assimilated by a few plants andrabes which are capable of biological
nitrogen fixation (BNF)(Vitousek et al 2002). Tipsocess converts Nnto reactive nitrogen
(N;), ammonium (NH") namely during BNF, which can be metabolized by Hiosphere.
Nitrifying microbes in soil, marine and fresh wateddize NH;" to nitrite (NQ) and nitrate
(NO3)(Koops et al 2006, Prosser and Nicol 2012), faregle, providing another accessible
form of N, to plants and other microbes. Some of the laticapable of reducing NCback

to N, a process known as denitrification (Knowles 1982\ recycle hto the atmosphere.
During these processes the microbes emit the gases nitrous oxide ) and nitric oxide
(NO). These two, together with ammonia (NHmissions from soil, are part of different
atmospheric chemistry cycles, forming othegrdgecies like nitrous acid (HONO) or nitric
acid (HNQ) with different impacts on the atmosphere and fftiese. Ammonium nitrate
(NH4NO3), a product of the acid-base reaction of ;N&hd HNQ, is an important cloud
condensation nucleus (CCN), which is responsibielioud formation and precipitation. Wet
and dry deposition of the different, Npecies is another nutrient input for terrestaat
marine ecosystems and withdrawgs ffddm the atmosphere. Oxidized forms of nitrogea ar
effectively washed out by rain, while other compadsimccumulate to larger particles, which
sediment. Figure 1 comprises the different pathwaryd shows some additional transport
processes between the atmosphere and marine aestriat ecosystems. The lifetime of a N
species, can vary strongly, depending on its ctipesition in the nitrogen cycle. While some
freshly applied fertilizer can be degraded in a f@eeks or even days, W the deeper soll
layers under the surface, where microbial actiigtjower, might not be converted for years.
The relatively inert NO passes the troposphere without major losses itintdaches the
stratosphere, where it finally reacts with ozonlisTprocess takes place in the order of years.
HONO on the other hand is photolyzed within 20 —r8id under strong solar irradiation
(Stutz et al 2000).
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Figure 1: Scheme of the nitrogen cycle and theeffunf reactive nitrogen in Tg N Yr
between and within the atmosphere and terrestn@lnaarine ecosystems. (from Fowler et al
(2013))

Besides BNF, nitrogen fixation can also occur dyitimunderstorms. Lightning strikes release
enough energy to break the nitrogen-nitrogen tridad, which is among the strongest in
chemistry, and as a result NO is formed in a reactvith atmospheric oxygen (Tie et al
2002). The naturally low rates of; [droduction have formed ecosystems coping with low
availability worldwide, although for every 100 atsrof carbon used for cell construction,
between 1 to 20 atoms of N are needed (SternerBEdswl 2002). This has limited the
ecosystems productivity, but enriched its bioditgrdN-limitation has driven the evolution to
extremes in the hunt for N, some plants for exarhple evolved to carnivores, extracting N
from catching and digesting animals. Mankind hathte this problem as well and learned to
overcome N-limitation by fertilizing agriculturalelds for 6500 years (Smith 1995) in order
to ensure good food production.

In 1909, the German chemist Fritz Haber found atie@a producing ammonia (Nfifrom N,
and hydrogen (b in the laboratory. The up scaling to an indusipicess by Carl Bosch
and the first industrial plant for the so calledbdaBosch process in 1913, were the
beginning of the anthropogenic nitrogen fixatiom{52004). Although the first use was the
production of munitions, this process became thendation for the synthetic fertilizer

production. In the 1970’s the production of Nbly terrestrial BNF was overtaken by the
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Haber-Bosch process. In 2005 the nitrogen fixabiprthe Haber-Bosch process of 120 Tg N
yr'! (Galloway et al 2008) doubled the terrestrial BbfF63 Tg N yi(Fowler et al 2013).
Besides this, the unintentional production of dd a side product of fuel combustion is a
major anthropogenic contributor to the total budget. The total anthropogenic nitrogen
fixation (210 Tg N yi') is now as large as the natural nitrogen fixaf2®8 Tg N yi')(Fowler

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

The enhanced availability of cheap fertilizer supgd the growth of the world’s population
and today the food of about half of the humans umptanet depends on artificially produced
fertilizer N (Erisman et al 2008). Albeit the intensified Mput in ecosystems has led to
severe negative effects for the environment, cknaatd human health (Erisman et al 2013).
The diversity of possible transformation steps né @tom of N within the nitrogen cycle
before it is released as the ineffective ads to an accumulation of adverse impactsgif ju
a single N atom. This chain is called the nitrogaacade (Galloway et al 2003) and its most
important effects are shortly discussed:

Eutrophication of fresh water disequilibrates thesystems by acidification and favoring the
growth of algae and other water plants (Camargo Aodso 2006). A high abundance of
algae can cause low oxygen levels, which is harfofullifferent aquatic forms of living. The
defined threshold for eutrophication is 1 mgN®I™* and at levels of 10 mg NEN | severe
effects for aquatic animals are observed (Camatgd 2005). These values can be quickly
reached if agricultural fields close to the frestev are intensively fertilized. The same effect
is reported for Ninput into marine ecosystems and in 2012 about éat&tal dead zones
were known (Galloway et al 2013) and in some regjiive 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 Bmihat rain is more acidic around cities
and “artificial circumstances” are likely (Smith728. Acid rain is indeed mainly caused by
human sulfur dioxide (S£) and nitrogen oxide (NO= NO + NQ) emissions, which form
sulfuric acid (HSO;) and HNQ due to the oxidative character of the atmosphéfiile
anthropogenic S@was strongly reduced by flue-gas desulfurizatibe, contribution of NQ

to acid rain increased. HNOs formed by the oxidation of NOwith the hydroxyl radical
(OH):

NO,+OH — HNO; (R1)
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The N deposited by acid rain enhances the eutrophicafi@sosystems, besides the negative
effect of increasing acidity.

The formation of NO, one of the most important non-€@reenhouse gases, influences the
global radiative forcing and hence, climate charsgmngly (Stocker et al 2013). The trace
gas is mainly emitted from denitrification in sodlad anthropogenic induced emission gON
by fertilizer application exceeded natural sourceshe 1990s (Reay et al 2012). Further
sources are biomass burning, industry and formdtmm other N emissions (Galloway et al
2004). The mixing ratio of pO has increased from ~ 270 ppb in pre-industriaitercurrently
325 ppb (Davidson 2009), which equals a surplus 20f6. Besides the radiative
characteristics, the depletion of stratosphericnezby NO has strong effects on human
health, as more harmful UV radiation passes thetagpheric ozone layer. Throughout the
21 century it is expected to remain the strongesneatepleting agent in the stratosphere
(Ravishankara et al 2009).

In the troposphere NO and MNOnfluence atmospheric chemistry strongly, throuble
formation and depletion of ozone:

NO+0O; — NO,+O, (R2)
NO,+hv — NO+O (R3)
0+0 — O (R4)

The N enhanced formation of {eads to crop losses (Ainsworth 2008, Paoletti5200
stronger formation of particulate matter (PM) (Mezxigal 1997) and adverse effects on human
health by ozone itself (Levy et al 2005, Uysal &uahapira 2003). Besides the formeg O
also PM and NQhave severe health impacts like lung cancer aheratspiratory diseases
(Anenberg et al 2010, Fajersztajn et al 2013, kel et al 2013). Various sources of NO
exist, like fossil fuel burning, lightning, biomabksrning and release by soil bacteria. Nitrous
acid (HONO), another important, Npecies, can form carcinogenic nitrosamines (Zieiet

al 2010), which is of special concern indoors, whanexpectedly high concentrations of
HONO are found (Febo and Perrino 1991). Besidefdineation of carcinogens, HONO
strongly influences the oxidative capacity of thma@sphere and is a direct precursor of NO.
Hence, HONO is directly and indirectly involved many of the previously described
processes, but formation processes and fate of H&Md@et 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 theoapthere in 1979 by Perner and Platt (1979),
nitrous acid (HONO) has been intensively studied @snnow well accepted as an important
source of the OH radical. This is considered asribgr oxidant of the atmosphere and thus
is mainly responsible for the oxidative capacitytted atmosphere.

HONO undergoes a diurnal cycle with accumulatioaroight and decay during the day. The
photolysis of HONO is responsible for lower mixingtios of HONO during daytime and
yields the OH radical:

HONO +h — NO + OH (R5)

While early studies assumed, that production of fadtn HONO is only relevant in the
morning hours after sunrise (Harrison et al 198€3ent studies showed a contribution of up
to 60% to the total OH production (Ren et al 2088Y significant production during the
whole day (Soérgel et al 2011a). This progress i timderstanding of the atmospheric
chemistry of HONO can mainly be attributed to msophisticated measurement techniques,
which are able to measure HONO down to detectimitdi of a few ppt (Heland et al 2001,
Kleffmann et al 2002). The increased sensitivitg te the discovery of HONO daytime
mixing ratios of up to a few hundred ppt (Kleffmaenal 2003), which were not detectable
before. Hence, the expected low daytime mixingpgaiin the order of several ppt (Vogel et al
2003), according to known gas phase (see chap2et)land heterogeneous reactions (see
chapter 1.2.2), were exceeded and a missing dagtmece was postulated (Kleffmann et al
2003). In the following time, this missing source HONO during daytime was observed
many times and correlations with the photolysigqdiency of NQ (J(NG,)) were found
(Kleffmann et al 2005, Li et al 2012, Su et al 2008illena et al 2011, Wong et al 2012).
Consequently, different new reactions were charaet® and postulated to explain the
missing daytime source of HONO (Bejan et al 200601@e et al 2005, Ramazan et al 2004,
Stemmler et al 2006, Zhang and Tao 2010), howen@re of them was capable to close the
budget of HONO (Sorgel et al 2011a).

In the nighttime high levels of HONO are observed @ pseudo stationary state, with a
constant mixing ratio of HONO, is reached. The ulyileg process of the accumulation is the
heterogeneous formation of HONO from NOn surfaces (Finlayson-Pitts et al 2003,

Harrison et al 1996, Lammel and Cape 1996). Sewsralies suggest dry deposition of
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HONO, which is accumulated in the gas phase, togthend surface (Sérgel et al 2011a,
Stutz et al 2002, Stutz et al 2004, Su et al 2088aet al 2008b, Wong et al 2011). This
process is yet only poorly investigated and jusengly a first study on the uptake of HONO
on soil particles started to explore this surfaaection (Donaldson et al 2014). However, only
dry soils were studied, which might impede the mapion of these results to field
observations, as the partitioning of HONO to sailtev has to be considered due to its Henry
coefficient (Lide 2004). Earlier laboratory studiesused on the uptake of HONO into water,
as thin films, dew or at different pH (Bongartzaétl994, He et al 2006, Hirokawa et al 2008,
Kleffmann et al 1998, Mertes and Wahner 1995), #redprocess was mostly found to be
reversible. Several field studies observed thekgptd HONO into the liquid phase, like fog
or dew (Rubio et al 2009, Sorgel et al 2011b).

The uncertainties in the knowledge of the formatditONO during daytime and the loss of
HONO during nighttime need further investigation ander to understand the impact of
nitrous acid on the atmosphere. Although many fatidlies showed the large contribution of
HONO to the total OH production, it is usually moinsidered in atmospheric models. Recent
studies showed the significant impact in globalescaodels on the oxidative capacity of the
atmosphere (Elshorbany et al 2012) but also ondcéoul aerosol formation (Elshorbany et al
2014).

1.2.1 Gasphasereactionsof HONO

The photolysis of HONO (R5) is the most prominerads gohase reaction of HONO.
Wavelengths of 300 — 405 nm are necessary forigsciation to take place (Stockwell and
Calvert 1978, Stutz et al 2000). The lifetime of MO can vary from about 2 h after sunrise
to 20 — 30 min at noon for mid latitudes (Stutale2000), with a typical photolysis frequency
of J(HONO) = 1 — 4 - 1s? (Platt et al 1980). The recombination of NO and i®H ternary
reaction yielding HONO (Nguyen et al 1998, Pagslatrg 1997, Stuhl and Niki 1972):

NO+OH+M — HONO+M (R6)

The collision partner M can either be Nr O,, which is necessary to conserve energy and
momentum. Due to the small reaction rate constant§ - 10" cm® molec? s?, (Pagsberg et

al 1997, Sander et al 2006)), the recombinatiosti@a of the photolysis yields only small
amounts of HONO. A steady state of HONO, NO and i®ldstablished through reactions
(R5) and (R6), which reaches HONO mixing ratiogha order of 10 — 30 ppt for moderate
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atmospheric levels of NO and OH. Another procesiling HONO is the ternary reaction of
NOy and water vapor (R7).

NO + NG, + H,O — 2 HONO (R7)

However, the rate constant ( k = 1.2 - *#@n?’ molec? s?, (Chan et al 1976)) is too small for
a significant HONO formation under atmospheric gbods, due to the unlikelihood of a
three-body collision of the three educts.

Another reaction forming HONO is the reaction obfexcited N@ and water vapor (R8)
(Li et al 2008), however, two photons are neededHhs processes. Hence, this process is
negligible under atmospheric conditions (Amedroak®011). Recently, the photolysis of
ortho-nitrophenols (R9) has been proposed as sgnif daytime source of HONO, as the
reaction forms HONO efficiently (Bejan et al 200@)evertheless, the atmospheric
concentration of these aromatic compounds is taofto a considerable contribution to the
HONO budget (Wong et al 2012).

NO, + O — HONO + OH (R8)
o-nitrophenols +% — R + HONO (R9)

The reaction of H@and NQ (R10) has been investigated since the 1970s (Siiti®rand
Heicklen 1974), but only recently suggested to a&ixpthe missing daytime source of HONO
(Li et al 2014).

HO,+NO, — HONO + G (R10)

However, to explain the missing daytime sourceyibkél of (R10) was assumed to be 100%
by the authors of the study and potentially sigaifit ground sources (see chapter 1.2.2) were
estimated based on studies of a different ecosysBaweral studies on (R10) have been
performed, but only a few identified HONO as a pad(Cox and Derwent 1975, Levine et
al 1977, Simonaitis and Heicklen 1974), while oshedid not observe HONO formation
(Dransfield et al 2000, Graham et al 1977, Howa®d71 Niki et al 1977) or suggested
pernitric acid (HNQ, (R11)) as major product (> 99% yield) (Tyndallaét1995, Zhu et al
1993).



IR 1.2 The chemistry and impact of nitrous acid inatraosphere

HO,+NO, — HNO, (R11)

According to the available studies showing ambwafendings and the resulting uncertainty,
further laboratory and field measurements are éséea evaluate the contribution of (R10)
on daytime formation of HONO.

The photolysis of HONO (R5) is the most importanksinder atmospheric conditions, while
gas phase reactions (R12) (Burkholder et al 1988)(R13) (Ten Brink and Spoelstra 1998)

are only of minor importance compared to (R5) (8beg al 2011a).

HONO + OH — H,0 + NO (R12)
2HONO — NO +NQ + H,0 (R13)

1.2.2 Heter ogeneous r eactions of HONO

The heterogeneous formation of HONO has becomaatiyionportant in the last decade, as
many reactions suggested to explain the missingirdaysource occur on different kinds of

surfaces. The most studied reaction is the disptgpation of NQ in thin water layers:

2 NG + HzO(ads) —  HONO + HNQg(ads) (R14)

This reaction is the most dominant pathway of HOplGduction during nighttime and was
shown to explain high HONO mixing ratios at nightiridg several field observations
(Harrison and Kitto 1994, Sorgel et al 2011a, Settal 2002, Stutz et al 2004, Su et al
2008a). The formation mechanism has been intenysimeestigated (Barney and Finlayson-
Pitts 2000, Kamboures et al 2008, Kleffmann et @8, Miller et al 2009, Mochida and
Finlayson-Pitts 2000) and the proposed mechanisrkiiayson-Pitts et al (2003) involves

the formation of NO, and the intermediate N®O5":

2NGyg —  NaOg) (R15)

N2Osg) —  N2Oasads) (R16)

N2Osadsy — ONONObags) (R17)
ONONG;ads)+ NOz(g) —  N2Osgads)+ NOg(g) (R18)
ONONOy(ads)+ HoO@dsy — HONOg adsyt HNOz(ads) (R19)
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Several field studies found a correlation betwdmnunknown daytime source of HONO and
mixing ratio of NQ, as well as the photolysis frequency of NANO,) (Li et al 2012, Sérgel

et al 2011a, Stutz et al 2002, Su et al 2008a, Weingl 2012). Hence, photosensitized
reactions received strong scientific interest arahyndifferent reactions were proposed. In
general, a substrate becomes a hydration agemntpditdo excitation and NOs reduced by
the transfer of a proton yielding HONO. A varietfysubstrate has been shown to be photo
catalytic, like humic acids (Bartels-Rausch et @@ Stemmler et al 2006, Stemmler et al
2007), soot and aerosols (Broske et al 2003, Geretlal 1998, Kalberer et al 1999), FiO
and other metal surfaces(Bedjanian and El Zein 20Wdour et al 2008, Nishino and
Finlayson-Pitts 2012).

RH+h — [RH] (R20)
[R-H]" + NO, — HONO +R’ (R21)

Although all these reactions match the previouslynfl correlations between the unknown
daytime source of HONO and a product of the mixaigo of NG and the irradiation, none
of them was yet shown to account for the unknowrream Sorgel et al (2011a) estimated the
upper limit of the HONO formation from the heterageus transformation of N@n humic
acids (Stemmler et al 2006). The calculated maxicoakribution was 30% and, hence, can
only partly explain the high mixing ratios of HONdDrring daytime.

Recently the photolysis of nitrate and HN@as suggested as daytime source of HONO
(Zhou et al 2011). Li et al (2012) confirmed a fatron from this pathway under atmospheric
conditions at a field site in southern China. Hoereva recent study showed, that the
photolysis of HNQ cannot account for the missing daytime source ONE in a boreal
forest environment (Oswald et al 2014).

In the past, several field studies performing ggatimeasurements of HONO suggested the
ground to be a source of HONO (Febo et al 1996ffidenn et al 2003, VandenBoer et al
2013, Wong et al 2011, Wong et al 2012, Zhang €08B). A reasonable explanation is the
partitioning of soil nitrite on the soil surface {gota and Asami 1985a, Kubota and Asami
1985b, Su et al 2011). Nitrite in soil is in an cabase equilibrium with nitrous acid
(HONO,y) depending on the soil pH. According to Henry'svlgHenry 1803, Smith and
Harvey 2007), agueous nitrous acid is in an aduafi@quilibrium with gaseous HONO. The
release of HONO varies with soil moisture and, leens variable. A crucial parameter for

emission of HONO is the soil temperature, as thdlibga are temperature dependent and
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emissions rise at higher temperatures. In the ulgyers of soil, the temperature is mainly
driven by irradiation, thus a maximum during noame& can be reached. Su et al (2011)
showed in different model runs, that partitionirfgsoil nitrite can indeed explain the missing
daytime source from a field observation in China € al 2008b). However, only one soil

sample was investigated and evidence from fieldsomegments is still lacking.

H3O"aq+ NOyagy < HONOQ@g + HOp (R22)
HONOgy < HONQy (R23)

The assumption of HONO deposition on soils or teeigd surface was suggested from many
field observations, however has just recently befiomed by a laboratory study (Donaldson
et al 2014). A competitive adsorption process witlter vapor was suggested. The results of
VandenBoer et al (2014) point to a release of HGN@Ng daytime from HONO adsorbed
overnight. They found a strong contribution of thi®cess to the missing daytime source of
HONO. However, further investigation of this progesnd its temporal and quantitative
limitations are needed to assess the significahtieisoadsorption-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 aeped in two steps: the oxidation of NHo
NO, by ammonia-oxidizing bacteria (AOB) (Koops et #&08) and ammonia-oxidizing
archaea (AOA) (Stahl and de la Torre 2012), folldveg the transformation of NOto NOs

by nitrite-oxidizing bacteria (NOB) (Spieck and klp 2011). These processes occur under
aerobic conditions, in contrast to denitrificati]nowles 1982), a microbial process that
reduces N@ to N, taking place under anaerobic conditions.

The oxidation of NH" by AOB is mediated by the membrane-bound enzymenama
monooxygenase (AMO) (Hofman and Lees 1953) and ddima intermediate hydroxylamine
(NH,OH) (Hollocher et al 1981). However, the enzymedse®&lH as substrate for the
oxidation (R24). This step is endergonic and neetselectrons to take place (Arp and Stein
2003). AMO can also oxidize a wide range of smafjamic molecules like e.g. phenol,
methanol and halogenated aliphatic compounds (Rasthal 1990). Acetylene ¢8,)
strongly inhibits AMO (Hyman and Wood 1985) andapplied in agriculture to avoid
microbial loss of ammonia fertilizer(Freney et 8DP).

NHz +2H + O, +2€ — NHOH + H0 (R24)

In a second step NJH is oxidized by hydroxylamine oxidoreductase (HA nitrite
(R25). This exergonic reaction provides four elaas; thus the overall oxidation of NH
yields two electrons for the metabolism of AOB. iyzine (NH,) is another possible
substrate for HAO, resulting in an alternative rbetssm for pure culture studies of AOB
(Anderson 1964). The exact mechanism of,8H oxidation by HAO remains unclear.
Several intermediates like HNO and NO were sugde@teoper and Terry 1979, Hynes and
Knowles 1984), but recent studies provide conttadycresults, whether these compounds are
involved (Cabail and Pacheco 2003, Hendrich eDar®.

NH,OH+HO — NO, +4é+5H (R25)

The resulting overall conversion of Nitb NO, by AOB needs 1.5 oxygen molecules:

NHz;+15Q — NO; +H +H,0 (R26)
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The atmospherically relevant trace gases NO ai@l &fe known to be released by AOB, this
is either possible during the oxidation of pH (R25) or by nitrifier denitrification. The
latter process consists of the enzymes nitrite aiedie (NirK or NirS) and nitric oxide
reductase (NorB), which reduce nitrite to NO andsaguently to BD (Ferguson 1998, Stein
and Yung 2003). The nitrite reducing enzyme of amia@xidizers reveals a similarity to the
nitrite reductase of denitrifiers (Chain et al 2p0Bhe relevant metabolic processes of AOB

are summarized in figure 2.

NO, N,O

!

NH3 q NHon q NOz' —_ NO, NZO
AMO HAO NIR, NOR

T 2¢ * 2¢
4¢ el (ellular metabolism

Figure 2: The metabolism of ammonia-oxidizing baatith the relevant enzymes ammonia
monooxygenase (AMO), hydroxylamine oxidoreductd3&@), nitrite reductase (NIR) and
nitric oxide reductase (NOR) is schematically sh@Arp and Stein 2003).

The need of NKlas substrate instead of WHestricts AOB to mostly neutral and alkaline
soils. Some strains ditrosospiraandNitrosovibrio inhabit more acidic soils, where nearly
no Nitrosomonasare found (Koops and Pommerening-Roser 2001). S&@B exhibit an
urease and are able to use urea {GB) as source of NE As the urease is an
intracytoplasmic enzyme, the metabolism gets inddeet of the external pH and thus the
respective AOB reveal lower pH optima (PommererRuger and Koops 2005). However,
AOB were isolated from solils, rocks, fresh and ssavs, as well as sediments, thus revealing
the broad abundance of this group of bacteria (ISl 2006).

Ammonia-oxidizing archaea received strong scientifiterest since their recent discovery.
The first marine AOA was isolated in 2005 (Konnedteal 2005) and two terrestrial strains
were isolated in the following years (Lehtovirta-N&y et al 2011, Tourna et al 2011). The
exact metabolism of AOA is not fully understoodgldtand de la Torre 2012), but NBH
was recently shown to be produced as an interneettidghe ammonia oxidation (Vajrala et al
2013). The role of AOA in the nitrogen cycle is mntly assessed and although AOA were
shown to be more abundant in soils (Leininger &X0dl6), AOB were shown to dominate the
ammonia oxidation (Jia and Conrad 2009). HoweMtrosopumilus maritimusvas also
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shown to emit MO in significant amounts (Loscher et al 2012) ahds, is of relevance for
biogeochemistry.

The last step in nitrification is undertaken by NOBnitrite oxidoreductase oxidizes NQo
NO;3; and thus N@ produced by AOB is directly converted (Spieck dodski 2011).
Consequently, the nitrite pool undergoes fast foansation by AOB, NOB and denitrifying
bacteria (Russow et al 2009).

NOs +HO — NOy+2H +2¢ (R27)
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1.4. Knowledge gaps and research objectives

The release of nitrous acid from soils was alredidgovered in the 1980s (Kubota and Asami
1985a, Kubota and Asami 1985b), but has not redeswvsy scientific attention subsequently.
The deposition of HONO to the soil surface was degly reported to explain constant
mixing ratios of HONO during nighttime, however ¢abtory studies confirming this process
are still lacking. Recently soil nitrite was propdsto be a major source of atmospheric
HONO during daytime (Su et al 2011). The acid-begalibrium between nitrite and nitrous
acid favors the formation of nitrous acid in acidmils. The produced aqueous nitrous acid
undergoes a partitioning with the gas phase yigldaseous HONO. This process was shown
to explain the missing daytime source of HONO irdelacalculations. However, this process
is yet as poorly understood as HONO uptake by Sdierefore this work addresses the
following knowledge gaps:

* The source strength, which was estimated by Su €@&l1) to be in the range of 1 —
3000 ng (N) nif s*, matches the values reported for the missing oeytsource
strength of 1 — 1000 ng (N)frs’. However, only one sample was measured and the
crucial parameters pH and nitrite content were stdpl artificially. As the applied
reagents hydrochloric acid and N@re well known to produce HONO (Febo et al
1995), experiments without manipulation of the saiimple are of crucial importance
to evaluate the strength of HONO release from soil.

» According to the conclusions of Su et al. (2011ghtHONO emissions are expected
from highly acidic soils, like boreal or tropicabreést soils. Even low NO
concentrations should yield strong release of HGN® to the strong influence of the
pH. So far only one soil sample was investigatedeatrly neutral pH, hence further
measurements are necessary to verify the mechamdrdraw further conclusions.

» The release of NO from soil is well studied (Feigle2008, Meixner and Yang 2006,
Meixner 1997, Pilegaard 2013, Remde et al 1989)camdributes significantly to the
global NO budget (Solomon 2007). Thus, a relatietween NO and HONO emission
might increase the understanding of HONO formaitosoil. After photolysis, HONO
is virtually a source of NO and, hence, HONO redeliem soil might influence the
global NO budget substantially.

* The release of numerous atmospherically relevanetgases like e.g. NO (Lipschultz
et al 1981), MO (Bremner and Blackmer 1978), ¢¢bchiitz et al 19893 primarily
attributed to soil microbes. Hence, a possible afid formation of HONO and

subsequent release from soil should be consideéedording to the acid-base
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mechanism proposed by Su et al. (2011), microb&s kastrong influence on the
nitrite concentration in soil. Thus, soil microlze at least involved indirectly.

 The partitioning of nitrous acid between soil smnot and atmosphere is an
equilibrium process, which can turn the proposedre® of HONO into a sink. A
prerequisite is a high pH, which favors the formatof nitrite after HONO uptake.
Due to the limitations of Henry’'s law this processist be restricted to higher soil
water contents. In addition, a possible uptake undky conditions should be
investigated as well.

* The release and uptake of HONO from soil implies éixistence of a mixing ratio,
where uptake and release compensate each otherefain trace gases like e.g. NO,
N,O, CO the compensation point concept was introdu€smhrad 1994). As this
parameter is of high value for upscaling and gloimaddels, further studies will
strongly improve the understanding of the soilg ialHONO chemistry.

» Isotope studies are of crucial importance in trecess elucidation. The nitrogen atom
of HONO is conserved in the azo-dye produced dutiregdetection of HONO in the
LOPAP instrument. Hence, the development of arom®ttracer method for HONO
appears feasible and could strongly contribute e investigation of processes

forming HONO in soil, but also in the atmosphere.

In this thesis the principle to address the abowantedge gaps is the investigation of various
soil samples, which cover a wide range of paramdterdentify underlying processes. These
processes will be further studied in detail in oridereveal their mechanism.

The overall aim of this thesis is (i) to reveal glrecesses in the release and uptake of HONO
from soil, (ii) to understand the underlying mecisars, (iii) to develop an isotope tracer
method for HONO and (iv) to derive a conceptual elad 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,cihneeds sophisticated instrumentation
and methods. While micrometeorological methods &élg. eddy covariance, are restricted to
large areas (Horst and Weil 1994) and require vasy and precise analyzers (Ermel et al
2013, Mdller et al 2010), chamber systems are [slgitto investigate smaller samples and
commercial analyzers are usually satisfying. Tiesdeployment of chamber systems allows
the investigation of samples in the laboratory.sThli a big advantage to either measure
samples from a wide variety of ecosystems withooving the measurement setup (van Dijk
and Meixner 2001), or to study the processes cliinfydhe fluxes of trace gases from soil
(Behrendt et al 2014, Remde et al 1989).

In general static and dynamic chamber systems eagidtinguished and only the latter are
suitable to measure fluxes of reactive trace géiglesxner 1994), as a continuous air flow
reduces the contact time to the chamber walls lamsl measurement artifacts. The flux F of a
sample can be calculated from the mixing ratioedldhce between the enteripgand exiting

air your, the purging air flow Q, the molar volume of aiy, ¥nd the surface area of the sample
A:

Q
F= m (Xout - Xin) (l)

However, the turbulent regime inside a dynamic dbemis significantly altered compared to
undisturbed conditions in the field (Pape et al &00According to the common bulk
resistance model (Hicks et al 1987, Wesely and $1@B00), the total exchange resistance
under ambient conditions is the sum of the turbulesistance (B, the quasi-laminar
boundary layer resistance jjRand the surface resistance;)(iFig. 3). The flux in ambient

conditions is:
1 1
Famb = 7 —rm v Kout = Xin) )

In a dynamic chamber, the total resistance is time of four different resistance, the purging
resistance (Rigd between chamber and ambient air, the mixing t@si® (R.ix), describing
the turbulent mixing in the chamber, the modifiezibdary layer resistance {R and the
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chamber surface resistance ({RFig. 3). The flux in a dynamic chamber can bsciied by
equation (3):

1 1
RpurgetRmix+Rp+R; Vi

(Xout - Xin) (3)

Feham =

Figure 3: The resistances of trace gas exchangedisturbed conditions (left) differ from the
resistances present in the dynamic chamber (ad&ptadPape et al (2008)).

Usually R is considered to be close tq Bnd thus R =~ R. is assumed. The measured

chamber flux can be corrected to match ambientitiond by equating egs. (2) and (3):

Fcham Rq+Rp+R.

= 4)

Famb Rpurge+Rmix+Rp+Rc

According to eq. (4), fluxes measured in dynamiarnchers can be corrected for the modified
turbulent conditions, if all resistances are quati A good agreement between large scale
micrometeorological methods and fluxes from dynaohiamber measurements was found by
Rummel et al (2002).
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2.2 Long Path Absorption Photometry

Several methods to measure HONO in the gas phasg &ke e.g. differential optical
absorption spectroscopy (DOAS) (Perner and Plaff9)},9 chemical ionization mass
spectrometry (Roberts et al 2010), wet chemicaudentechniques (Takenaka et al 2004)
and long path absorption photometry (LOPAP) (Helandl 2001). The latter instrument was
used for the measurements in this thesis.

The LOPAP is a wet chemical instrument that quatily converts HONO to an azo dye.
The concentration of this dye is measured by alsorphotometry (Kleffmann et al 2002).
A 1M hydrochloric acid (HCI) solution in a stripgrcoil takes up HONO and the subsequent

reaction forms the nitrosyl cation (N
H*+ HONO <« H,O+ NO"~ (R28)

Sulfanilamide from the stripping solution reactshathe nitrosyl cation:

I I

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

(1-naphthyl)-ethylendiamine dihydrochloride is ad@ad the reaction yields the azo dye:

1] 2 i W + -
H2N—ﬁ—©—N2++ - ! N O N{-iz_(\:I (R30)
O e s

+ -
NH; Cl

Due to the low mixing ratios of HONO in the atmospha long absorption path is needed to
achieve satisfying detection limits. This absonmptimlume is a Teflon tube of 1 — 2m with a

high reflective index. Pump speed of the HPLC pursed to create the liquid flow and tube
length determine the limit of detection (LOD) aresponse time of the instrument. Long
tubes favor a low LOD but increase the response.tDepending on the specifications, LOD
from 1 — 500 ppt are achievable.

To avoid measurement artifacts, a second strippailgis mounted directly behind the first

one, which is operated in the same way. While HO8l€ffectively collected in the first coll
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(99.7% collection efficiency), other trace gasessaag interferences (e.g. N@nd NO) are

collected in both coils in equal ratios. Hencepaection of the data for most interferences is
possible (Kleffmann et al 2002). The stripping sake placed in an external sampling unit,
which avoids the problem of HONO wall losses iniigih A scheme of the instrument setup

Is shown in figure 4.

stripping coils,
debubbler

| channel 2

mixing volume

UVNIS lamp

Teflon AF
tubing

it

UV/VIS lamp

Teflon AF
tubing

waste

U

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

In a comparison study (Kleffmann et al 2006), tH@RAP was shown to measure HONO
mixing ratios in good agreement with the DOAS tegha. The comparison was performed
in the field and in a smog chamber, simulating edéht atmospheric conditions. It was
shown, that the correction for interference by terond stripping coil is of crucial

importance to avoid an overestimation of HONO nupiatios 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 measureddgnamic chamber system setup to assess
the significance of HONO release from soil. Meamgnats on temperature dependence of
HONO emissions and sterilizations experiments wayeducted to investigate a possible
bacterial contribution to HONO release from sohleTaim of this study was (i) to quantify the
strength of HONO emissions, (ii) to identify soirameters controlling HONO emissions,
(iif) to compare HONO and NO release from soil §iw) to reveal the role of microbes in
HONO release from soil.

In total, 17 soil samples were selected in ordesawer a wide range of parameters, like pH,
NH;", NO;, NOs, loss on ignition (LOI), C/N ratio and particle sttibution. The
investigation of this samples showed, that HONQédhifollow an optimum curve similar to
the well-studied NO fluxes. In general, HONO fluxesre found to be in der same order of
magnitude as NO fluxes for all soil samples. Cagtreo the predicted strong HONO
emissions from acidic forest soils, strongest eimss were found for nonacidic soils from
arid and arable areas. High nutrient contents of Nind NQ' favored the release of both N
species. From these findings we deduced HONO hotmeas, which we expect to exhibit
strong HONO release and hence, a strong influendeopospheric chemistry. The areas can
be found around the world and comprise about 20%hef earth’s terrestrial surface.
Additionally, we expect HONO soil emissions, asimagirect source of NO, to account for
discrepancies between global models of reactiveogen emissions and “top-down”
approaches by satellite observations using Biflumn densities.

The investigation of the temperature dependencHONO fluxes from one soil sample
resulted in similar activation energies for theqasses of HONO and NO release, which were
in a range that is reported for bacterial nitrifica in soil. Consequently, we examined a pure
culture ofNitrosmonas europaea well-studied ammonia-oxidizing bacterium (AOBW its
ability to emit HONO and found four times higher NO flux compared to a sterile control.
To corroborate these findings, we sterilized a saihple and found a significant reduction of
HONO and NO fluxes of 75% each, compared to theeatdd sample. Measurements of
microbial activity supported these findings, theseaaling a strong microbial source. Since
the pH optimum of AOB is between pH 7-8, this pssxexplains the unexpected strong

release of HONO in soils of neutral pH.
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From our results we concluded a conceptual modetaxdtive nitrogen release from soil as a
function of the soil water content. HONO and NOx#és occur at lower SWC (below 30 and
50% of water holding capacity (whc), respectivelyhereas BO and N are released at
higher SWC.

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

Soil Bacteria as a Major Source of Atmospheric Readitrogen.

“: authors contributed equally
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3.2 Bacterial hydroxylamine as a precursor of HONO soil emissions

This study follows up on Oswald et al (2013) anohsai(i) to elucidate which groups of
bacteria within bacterial nitrification are capalge emitting HONO and (ii) to clarify the
underlying processes of bacterial HONO emissions.

We investigated five strains of AOB and three sgaNOB on their ability to emit HONO.
Only AOB were found to emit HONO significantly, vidino emissions were observed for
NOB. The examined AOB strains represent all phyhegie lineages comprising terrestrial
and limnic AOB species. We confirmed the findindshe pure culture experiments by the
application of AOB and NOB specific inhibitors onilssamples, showing reduced HONO
emissions during inhibition of AOB.

The investigation of pure AOB cultures was contohde elucidate the process of HONO
release. An increase of the HONO flux with incragscell density was found up to a
threshold, when the flux started to decrease slyory similar pattern was found for the
metabolism product N thus a formation via the acid-base equilibriune tlua lower pH in
the cell membrane can be eliminated. The nitrifienitrification pathway was excluded by
experiments with knock-out mutants lacking the ssaey enzymes, as these cultures emitted
HONO as the wild-type. However, we found the HONGx tto be restricted by the ammonia
availability in the cell and thus by the NBIH concentration inside the cell.

To confirm our theory, we initiated cell lysis of @&OB culture and measured subsequent
release of HONO. By the use of mass spectrometypresent the first detection of gaseous
NH>OH, which was released by AOB. NBIH was released during the whole SWC range and
declined at lower SWC, where HONO release occursoiAcidence of maximal HONO and
NH,OH release with an increase of cells with damagethbranes was found, pointing to a
formation of HONO from cell internal Nd@H. We show that a heterogeneous reaction of
NH,OH and water vapor on a glass surface forms HON@s Teaction explains HONO
fluxes at low SWC, as only then the surface islabée.

For details, see: Ermel, et ab,be submitted2014a): Hydroxylamine released by ammonia-

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

So far many systems to measure HONO were optinzéalwer the limit of detection, but a
method to reveal processes by isotope labelingllidagking. This study aims to develop a
new method, which allows the investigation of igatdabeled HONO.

The long path absorption photometer (LOPAP) utdia@ azo coupling of sulfanilamide and
N-(1-naphthyl)-ethylendiamine dihydrochloride torrfo a strong absorbing azo dye. The
crucial NO is derived from the sampling of HONO in an acisitution. Hence, the nitrogen
atom in HONO remains in the azo dye and can bectkEtdoy mass spectrometry. The azo
dye was purified by solid phase extraction and yaesl by high performance liquid
chromatography coupled to mass spectrometry (HPIS)-M\s a result thé®N relative
exceedance¥(*N), of gas phase HONO is measurable. The optimakiwg range of the
method was found to BE(**N) = 0.2 — 0.5 and resulting standard deviatio6fN) < 4%.
These parameters are comparable to other state@ft°N isotopic tracer methods.

The new method was applied to a dynamic chambeersysvhich is used to measure HONO
soil emissions. After the application BN labeled urea to a soil sample and the subsequent
analysis of the azo dye, HINO was found in the gas phase. This measuremerfiirroed
the contribution of bacteria to the soil emissioh8i{ONO.

This method permits new approaches in the invastigaf processes forming HONO, either
in the atmosphere or in the biogeochemical nitroggcie, like studies on the effects of
fertilizers on HONO formation.

For details, see: Wu, et al., Environ. Sci. Tech(@014): Novel Tracer Method To Measure
Isotopic Labeled Gas-Phase Nitrous Acid (D) 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 ragyltte release of HONO from soils and
processes related to uptake of HONO on the soyetreot understood. The goal of this study
is (i) to identify processes controlling exchandaxés of HONO, (ii) to assess the
applicability of the compensation point concepekthange fluxes of HONO, (iii) to discuss
implications of exchange fluxes on atmospheric deggnand (iv) to derive a conceptual
model of the processes involved in the bidirectidlixes of HONO between soil and air.

In this study, we investigated six soil samplestba presence of bidirectional fluxes of
HONO. Therefore we used a dynamic chamber systdnghwwvas equipped with a HONO
source and a valve, switching between air free GfND and elevated mixing ratios of
HONO. We intensively investigated one soil sampleeffects of elevated mixing ratios of
HONO and found desorption to take place, when HOMN¢2 air was applied. A linear
relationship was found between the applied elevateihg ratio of HONO and the desorbed
HONO. These results support a recent field obsenvafvandenBoer et al 2014), which
suggests a deposition of HONO during nighttime|ofeéd by desorption during day to
explain the missing daytime source of HONO.

A crucial prerequisite for the application of thengensation point concept are constant
bidirectional fluxes of HONO with increasing salyker thickness. Although our experiments
confirmed this, the identified processes are ofsplighemical origin. Hence, the concept
cannot be applied in its original microbial sersd, a calculation of the compensation mixing
ratio is still possible. We defined this as thed'ggstem specific compensation mixing ratio of
HONO”, xcomp as it still is a meaningful quantity to descrthe exchange flux of HONO.

The ecosystem specific compensation mixing raticH&INO was calculated for all soil
samples of the whole SWC range, but only a coragldietween the maximum emissions and
Ycomp @t the maximum emission was found. Hence the foomaof HONO from bacterial
NH,OH is dominating and higher ambient mixing ratios HONO are necessary to
compensate the emission. For all soil sampigs, was found to be a function of the soil
water content. Agcomp below typical daytime mixing ratios of HONO (30360 ppt) were
found for some samples, soil has to be considesesigmificant sink not only during night
time. Thus the unknown daytime source of HONO midlet larger than previously
considered.

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

gas phase according to Henry’'s law, the formatimmf bacterial NHOH, adsorption and
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desorption, occur at different soil water contehtence, we derived a conceptual model of
bidirectional fluxes of HONO, which shows the preses as a function of the soil moisture
and their respective contribution.

For details, see: Ermel, et atg be submittedto Biogeosciences Discussion (2014b):

Bidirectional exchange of HONO between soil and air
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4. Conclusions

The main findings and their conclusions of thigdgtaan be summarized as follows:

1. Arable and arid soils of nonacidic pH emit HONO ad@® in the same order of
magnitude (Oswald et al 2013a). For a first apgnazcan upscaling by global models
a ratio of 1:1 for F(HONO) and F(NO) could be uded soils obeying the above
criteria. This easy approach would quantify thetgbation of HONO to the global
budget of N emission from soil. Furthermore this approach doudrify, if HONO is
responsible for the discrepancies between globaetsmf N emissions and top-down
approaches by satellite observations of, Glumns.

2. Strong HONO release was found for soils from agdsystems and in general the
emission optimum was found at low soil water cotgg@®@swald et al 2013a). Thus,
HONO soil emissions likely increase the oxidatiapacity of troposphere in arid
regions. In these areas agriculture is dominatedripyirrigation, which supplies just
the necessary water to plants and, hence, keeps aoiow soil water content.
Additionally the agricultural soils are stronglyrtibzed. Consequently, strong point
sources are formed, which could particularly cdmitie to NO and OH formation.

3. Laboratory studies have convincingly shown, thdtis@ significant source of HONO
(Ermel et al 2014b, Oswald et al 2013a). Howevanalfevidence from field
observations is still lacking, although the groumds often suggested as source of
HONO. Most recent field studies (Levy et al 2014,et al 2012, Li et al 2014,
VandenBoer et al 2013, VandenBoer et al 2014, Waing) 2012, Zhang et al 2012)
have not considered soil as a source of HONO, makte to a lack of necessary
measurements. Oswald et al (2014) investigatedrdiee of soil within the HONO
budget at a boreal forest, however, this soil ety negligible amounts of HONO.
Thus field observations in the identified hotspotas are suggested to assess the
contribution of HONO soil emissions to the missdaytime source of HONO.

4. Soil bacteria were identified as source of HONQ sniissions in soils of neutral pH
(Ermel et al 2014a, Oswald et al 2013a). Thusangttink between microbiology and
important cycles of atmospheric chemistry was riatawith impacts on cloud
formation and, hence, climate. However, bactenatpsses are harder to quantify as
chemical processes, which only rely on few pararsefthis means for future field

observations, that microbial parameters shouldonsidered as well.



. The derived conceptual model of Mlease from soil (Oswald et al 2013a) enhances

the understanding of the biogeochemical nitrogestiny. The addition of HONO to
the hole-in-a-pipe model is an important step tprione our insight into the microbial

processes in the terrestrial nitrogen cycle.

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

forms HONO in the presence of water vapor on sedd&rmel et al 2014a). Recently
NH,OH was found to be the intermediate in the metabolof ammonia-oxidizing
archaea (Vajrala et al 2013). Thus, AOA should dresiered as an additional source
of HONO release from soil. This is of considerabignificance, as AOA usually
inhabit soils, which are more acidic compared toBA@d AOA can handle lower
nutrient concentrations. Hence, the second smaledimum among the investigated
soils at pH 5-6 (Oswald et al 2013a) might be erpeld by HONO formation from
AOA.

. The heterogeneous reaction of XHH and water vapor forms HONO and likely

unknown products on surfaces (Ermel et al 2014ayvéver, NHOH is yet unknown
in atmospheric chemistry. Although no release freaill was observed, NJDH
should be considered to be present in the atmosplherthis case, NM¥OH could
contribute to HONO formation and might help to explthe missing daytime of
HONO in ecosystems with low soil emission (Oswaldl€2014).

. The release of NJOH and, hence, HONO formation occur after the neimbrane

was damaged, due to water limitation at low soitewaontent (Ermel et al 2014a).
Although this release was shown only for terrebturad limnic strains of ammonia-
oxidizing bacteria, the same mechanism is expeétedmarine strains, as all
ammonia-oxidizing bacteria occupy the same metabmliin respect to N}OH
formation (Koops et al 2006). Therefore an enhaneatelase of HONO in coastal
areas should be considered, as the cycle of hidhoantide leads to a daily dry out of
large areas. Especially areas with a large tidagedike the Wadden Sea should be

examined.

. Although no emissions of HONO from nitrite-oxidigitbacteria were found (Ermel et

al 2014a), they still might influence bidirectiontiixes of HONO. An uptake of
gaseous HONO as a source of nitrite might be ailpesgrocess for NOB to receive
nutrients under dry conditions. Uptake processes.mfNO and BD are well known

for nitrifying and denitrifying bacteria in soil.
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10.The ecosystem specific compensation mixing ratitiGMNO, ycomp IS @an important
guantity to describe bidirectional fluxes of HONBExihel et al 2014b). Results from
six soil samples showed only a correlation betwaeximal emission angkomp at the
point of maximal emission. Studies with more sammpleovering a wide range of
parameters, might reveal more correlations andresghthe systematic understanding.
The dependency ofcomp ON the soil water content implies the measurenoérihis
quantity during field observations, in order quBi.omp successfully.

11.Uptake of HONO occurs in the whole soil water cahteange from 0 — 100% of
water holding capacity (whc) and can be eithertatted to adsorption or partitioning
according to Henry's law (Ermel et al 2014b). Whikee first process is known to
occur at lower soil water content (Donaldson 2@l4), the partitioning of HONO is
restricted to higher soil water content. Soils @hhpH are expected to be a strong
sink for HONO at high soil moistures, as the acaddequilibrium favors the HONO
dissociation to Hand NQ strongly. A subsequent fast microbial transforomatio
other N species results in a sink for atmospheyicTNe observeg.omp below typical
daytime mixing ratios of HONO (Ermel et al 2014hjlicate the ambivalent role of
soil in the exchange of HONO between surface ambsphere. Thus, HONO needs
to be considered as sink and quantification ofrbadional fluxes of HONO from soil
is crucial in the interpretation and calculationH®NO budgets derived from field
observations.

12.The previously proposed desorption of adsorbed H@X&hdenBoer et al 2014), was
proven by laboratory experiments (Ermel et al 2014bis has strong consequences
for field observations, as soils that were shownh&wve no significant emission
according to maximum emission experiments (Oswald €014), might be a source
of HONO after exposure to high HONO mixing ratiashaht. Further studies on the
strength of desorption and its temporal scales atheospheric conditions are highly
advisable. A relocation of HONO deposited at nightdaytime formation of HONO
likely contributes to explain the missing daytinoeisce of HONO.

13.A N tracer method was developed and is applicablebfogeochemical process
studies (Wu et al 2014). This method is a suitdbl@ investigate the not fully
understood processes behind the desorption of HONO.

14.The investigation of bidirectional fluxes of HONGtlwa dynamic chamber setup is
suitable, if alternating HONO mixing ratios are bgg at the inlet of the chamber

(Ermel et al 2014b). However, the following desamptis critical and was shown to



alter xcomp Thus an additional optimum flux experiment witrppb ambient HONO
mixing ratio is necessary to determipgmp An optimization of the method should be
considered, after the mechanisms of HONO desorpatieretter understood.

15. Previously observed HONO to NO conversion on diy surfaces was found to be
16% (Donaldson et al 2014). Ermel et al (2014bpldsthed the dependency of
HONO conversion on soil moisture. Conversions oftapl00% of the deposited
HONO were observed. High HONO mixing ratios at mighould be considered as a
source of NO, although no radiation for photoly@savailable. The underlying
mechanism, however, remains unknown and furthezaret is need to address this
issue.

16.The conceptual model on bidirectional fluxes of HONrom soil comprises four
processes occurring at different soil moisturesn@ret al 2014b). The limitation of
partitioning of HONO between aqueous and gas pli8seet al 2011), bacterial
HONO formation (Oswald et al 2013a) via MBH (Ermel et al 2014a), adsorption
(Donaldson et al 2014) and desorption (Ermel e2Cdl4b) of HONO to soil water
contents where the respective process dominatesitaies the applicability and

understanding of the ecosystem specific compensatiging ratio of HONO.
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HONO Emissions from Soil Bacteria
as a Major Source of Atmospheric

Reactive Nitrogen

R. Oswald,>?*t T. Behrendt,t M. Ermel,*?t D. Wu,* H. Su,” Y. Cheng,’ C. Breuninger,*
A. Moravek,® E. Mougin,” C. Delon,® B. Loubet,” A. Pommerening-Réser,*® M. Sérgel,*
U. Péschl,® T. Hoffmann,? M.O. Andreae,” F.X. Meixner, 1. Trebs*

Abiotic release of nitrous acid (HONO) in equilibrium with soil nitrite (NO,™) was suggested as an
important contributor to the missing source of atmospheric HONO and hydroxyl radicals (OH).
The role of total soil-derived HONO in the biogeochemical and atmospheric nitrogen cycles,
however, has remained unknown. In laboratory experiments, we found that for nonacidic soils from
arid and arable areas, reactive nitrogen emitted as HONO is comparable with emissions of nitric
oxide (NO). We show that ammonia-oxidizing bacteria can directly release HONO in quantities
larger than expected from the acid-base and Henry’s law equilibria of the aqueous phase in soil.
This component of the nitrogen cycle constitutes an additional loss term for fixed nitrogen in
soils and a source for reactive nitrogen in the atmosphere.

of the total NO sources to the atmosphere
(/) and vary as a function of microbial
activity and physicochemical soil properties. NO
is produced during nitrification, in which soil mi-
crobes convert ammonium (NH, ") via NO, to
nitrate (NO3 ), both of which can accumulate
in soil (2, 3). In addition, the reduction of NO5 ",
which is known as denitrification, can cause a
release of NO. The two microbial processes are
mainly influenced by temperature, soil water con-
tent, pH value, and mineral nitrogen availability
in the soil (4-6). Previous studies have shown
that HONO may also be emitted from soil; this
release may originate from the transformation
of soil NH," to NO, (7) or from soil NO, be-
cause of a chemical acid-base equilibrium (8).
To estimate the contribution of soil HONO
emissions to the total reactive nitrogen flux
(HONO + NO) from the soil to the atmosphere
and to elucidate the major processes influencing

S oil biogenic NO emissions account for ~20%
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HONO release from soil, we studied the relation
of soil HONO emissions to biogenic soil NO
emissions under controlled laboratory conditions
using the dynamic chamber method (9, 70). Earlier
studies have shown that results from using this
technique are consistent with those from field
measurements (9, 1/, 12). We investigated soils
from various ecosystems around the world, cov-
ering a wide range of soil pH, organic matter, and
soil nutrient contents (table S1). The soil samples
were wetted in order to reach water holding ca-
pacity (WHC) (/0) and placed into the chamber,
which was then continuously flushed with puri-
fied air (free of HONO, NOy, O3, hydrocarbons,
and water vapor), leading to a slow drying of the
soil sample during the course of the experiment.
The gas-phase mixing ratio of HONO released
by the soil sample was measured at the cham-
ber exit with a long path absorption photometer
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(LOPAP) (/3). Mixing ratios of NO and water
vapor were also measured (/4).

The characteristic moisture dependency of
HONO and NO fluxes that is known from pre-
vious studies of soil biogenic NO emissions
is shown in Fig. | (4, 9, 15, 16). We found
that the maximal emission fluxes of HONO
and NO [henceforth denoted as optimum fluxes;
Fx optHONO) and Fy (NO)] are of comparable
magnitude and occur at similar optimum soil
water content (SWC) (/0)—within 10% WHC
of one another for all investigated samples.

Chemical acid-base equilibrium calculations
predict that abiotic HONO emissions from soil
nitrite should be largest for soils with low pH and
high NO, ™ content (8). The soil pH reflects a sum
parameter, which depends on the amount of acid-
ic and basic species in soil, and regulates the
solubility of soil constituents and the protonation
equilibria. These variables, however, also influ-
ence nitrifier and denitrifier activity in soil. In
general, abundance and diversity of bacteria are
positively correlated with pH (/7), and individ-
uals mostly possess a maximum activity at a cer-
tain pH (/8). In contrast to expectations based
on the acid-base equilibrium, the results from
different soil samples presented in Fig. 2 do not
show a decrease of HONO fluxes with increasing
pH. In fact, the neutral soil sample S12, taken
from a wheat field in Germany, features extreme-
ly high values for HONO and NO emissions
(FN,opt: 257.5+0.1 ng m s ' HONO, 134.8 +
0.6ngm s ' NO). The second highest emis-
sion of HONO and NO was found for the alkaline,
sodic soil represented by sample S17. Comparison
with soil NO,™ and NH," concentrations (Fig. 2)
clearly demonstrates that high HONO and NO
emissions are favored for soils with high nutrient
content.

The ratio of Fy op(HONO) to Fy pNO) was
found to be higher for arid and arable soils (on

Fig. 1. Soil emissions of HONO
and NO feature similar opti-
mum curves. Characteristic HONO
(triangles) and NO (squares) emis-
sion fluxes (Fy, in terms of nitro-
gen mass) from soil sample 515
(jujube field, semi-arid, fertilized,
and irrigated; Mingfeng, Xinjiang,
PR China) as a function of SWC
expressed in percent of WHC. Ex-
perimental error bars (10) are
shown for every fourth data point
for NO. Error bars of HONO fluxes
have the size of the symbols and
were omitted.

18 |-
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average 1.06 + 0.44) than for nonarable soils of
humid and temperate regions (on average 0.16 +
0.12) (fig. S1). For soil pH values higher than 7,
the optimum HONO emission fluxes always ex-
ceed 5 ng m 2 s (in terms of N) and even
reached ~258 ng m 251 (at 25°C). We anticipate
that HONO emissions are particularly relevant
for arid and arable areas with neutral or alkaline
soil pH, where they may substantially influence
tropospheric chemistry. Potential HONO soil
emission hot spots comprise, for instance, large
areas of northern Africa, central/southwestern

Fig. 2. Optimum emission fluxes of HONO are

comparable with those of NO and are largest for
NO, ™ rich, neutral-to-basic soils in arid and
arable regions. (Top) Optimum emission fluxes of
HONO (orange bars), NO (green bars), and their
sum (gray bars) in terms of nitrogen for each soil
sample (at 25°C), arranged by increasing pH. Num-
bers on top of gray bars represent the soil pH. Land
use of soil samples is shown on the top axis. (Bottom)
Calculated concentrations of NH,* (blue bars) and
NO,™ (red bars) in the soil solution at Fy ,(HONO)
[striped bars refer to theoretical NO,™ values at the
limit of detection (20)].

Asia, and North America as well as some regions
around the Mediterranean Sea (fig. S2), covering
in total ~20% of the terrestrial surface (excluding
Antarctica). Given the high spatial variability of
soil properties (such as pH and nutrients) and our
limited amount of soil samples, these hot spot
areas may be even larger. This previously ne-
glected ground source of reactive nitrogen may
explain the unexpectedly high daytime HONO
mixing ratios observed in many studies (/9).
In addition, NO is produced on a time scale of
~30 min from the photolysis of HONO during

daytime. Hence, soil HONO emissions in the
identified hot spot areas (fig. S2) may account
for the observed discrepancies between soil
emissions of reactive nitrogen estimated with
g¢lobal models by using the Yienger and Levy
algorithm and those derived from “top-down”
approaches by using nitrogen dioxide (NO,) col-
umns measured by satellites over arid ecosystems
(20, 21).

Biogenic NO emissions are known to depend
strongly on soil temperature (22). We measured
the temperature dependency of Fy(HONO) and
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FN(NO) from soil sample S8 (an example for
HONO is provided in fig. S3). A temperature
increase from 20 to 30°C yielded Q,, values
(averaged over the whole SWC range) of 3.7
(+1.4) for HONO and 2.1 (+0.2) for NO, which
is typical for soil respiratory systems (16, 23, 24).
From an Arrhenius plot (Fig. 3A), we obtained
similar activation energies for HONO (80 kJ
mol ") and for NO (75 kJ mol ). These values are
much lower than the activation energies reported
for denitrification (202 to 250 kJ mol ") (25) but
are within the range reported for nitrification by
ammonia-oxidizing bacteria (AOB) (25 to 149 kJ
mol ") (3, 25), suggesting that the latter process
governs the observed co-emission of HONO
and NO.

To test this hypothesis, we investigated a pure
culture of Nitrosomonas europaea, a common
and well-studied AOB (26). A suspension of the
pure culture (buffered at pH = 8.2) was applied to
glass beads serving as an inert soil-like matrix
(16), and the model system was treated like a
soil sample (/0). Fyxop(HONO) and Fy o, (NO)
of the N. europaea culture suspension are com-
pared in Fig. 3B with the emissions by using a
sterile AOB nutrient solution additionally contain-
ing 0.14 mmol I " NO, ", which equals 0.5 mg kg '
of NO, (in terms of N) in soil. The NO, added
to the sterile solution equals the NO,  that would
have been produced by the bacteria during the
experiment and reflects the chemical contribution
to the HONO emission from the model system,
whereas the observed difference in Fy o, (HONO)
between the sterile solution and the culture sus-
pension can be attributed to the direct emissions
by the AOB. The N. europaea culture emits four
times more HONO than does the sterile refer-
ence, demonstrating that AOB can indeed act
as a strong direct source of HONO.

Measured adenosine 5'-triphosphate (ATP)
concentrations during the dry-out of S12 (Fig. 3C)
show that soil microbes are active also under
relatively dry conditions (% WHC < 20%), where

o
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®

o
o

o
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o
[N)

Relative soil emission

10 20 30
SWC (% whc)
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Fig. 4. HONO is a major component of ni-
trogen emissions from soil. The concep-
tual model of soil nitrogen emissions as a
function of SWC was adopted from Firestone
and Davidson (31). The curves are based on
measurements of HONO, NO, and N,O emis-
sions from soil sample S12 [N, emissions were
fitted from (31)].
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Fx.opt(HONO) is observed. Because ATP is an
indicator for microbial activity in general, the
maximum activity of AOB might not coincide
with the maximal ATP concentration. We applied
methyl iodide—a strong sterilization agent for
soil (27) also targeting nitrification (28)—to a
subsample of S12 (Fig. 3C). Both HONO and
NO emission fluxes were reduced by ~75%, re-
vealing a strong microbial source. This demon-
strates that the findings from the model system
shown in Fig. 3B are transferable to a real soil
sample. The residual emissions can largely be
attributed to the chemical source because the
ATP content and, hence, the microbial activity
was reduced by ~92% at the HONO emission
optimum. These results explain the high HONO
emissions from nonacidic soil samples.

The conceptual model in Fig. 4 shows that
Frop HONO) and Fy o(NO) occur in the lower
SWC range (~0 to 40% WHC) (16, 29), whereas
at high SWC (~40 to 80% WHC), nitrogen is
released from soil mainly as the greenhouse gas
N,O. In general, substrate diffusion is limited at
low SWC, and gas diffusion is limited at higher
SWC (30). HONO is produced and emitted dur-
ing nitrification, which predominates at low SWC
(5). Samples from different soil and land-use types
show their maximal release of the respective
nitrogen compound at different optimum SWC
(15). The magnitude of the maximal emission of
each compound varies depending on, for exam-
ple, nutrient availability and abundance of soil
bacteria.

HONO emissions by AOB and possibly other
types of bacteria represent an additional com-
ponent for gaseous losses from the soil nitrogen
pool to the atmosphere. Our survey of soils from
different ecosystems indicates that HONO emis-
sions may account for up to 50% of the reactive
nitrogen release from soil. This contribution of
soil HONO emissions is currently not considered
in model estimates of global soil reactive nitrogen
emissions (/) and may constitute one of the major
uncertainties in this budget. Furthermore, these
HONO emissions contribute to atmospheric chem-
istry by enhancing the oxidation capacity of the
lower atmosphere.
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Materials and Methods

Soil samples
All soil samples were taken from the uppermost layer of the soil (5 cm). Samples S1

(eucalyptus forest, Grose Valley, Australia, 33.61°S, 150.63°E), S5 (pasture, Hawkesbury
River flood plain, Australia, 33.57°S, 150.77°E), S8 (grassland, Mainz-Finthen,
Germany, 49.97°N, 8.16°E) (32), S11 (maize field, Grignon, France, 48.85°N, 1.97°E)
(33) and S12 (wheat field, Mainz-Finthen, Germany, 49.97°N, 8.16°E) (8) were dried at
40 °C for 24 h, sieved to 2 mm and stored at 4 °C in open plastic bags before
measurement.

Soil samples S2 (tropical rain forest, Suriname, 05.08°N, 55.00°W), S3 (coniferous
forest, Hohenpeiflenberg, Germany, 47.80°N, 11.01°E), S4 (coniferous forest,
Fichtelgebirge, Germany, 50.09°N, 11.52°E) (34) and SO (pasture, Hohenpeif3enberg,
Germany, 47.79°N, 11.00°E) (35) are characterized by high organic contents. These soils
were sieved to 2 mm (S2) or 16 mm (S3, S4 and S9) (36) and measured directly after
sampling.

All other soil samples, S6 (open woody savannah, Dahra, Senegal, 15.40°N,
15.43°W), S7 (open woody savannah, Agoufou, Mali, 15.34°N, 1.48°W) (37), S10 (stone
desert, Ruta B 376, Chile, 23.48°S, 68.03°W), S13 (jujube field, Qiemo, China, 38.09°N,
85.55°E) (38), S14 (cotton field, Qiemo, China, 38.10°N, 85.55°E) (38), S15 (jujube
field, Mingfeng, China, 37.05°N, 82.71°E) (38), S16 (stone desert, Sache, China,
37.69°N, 77.89°E) (38) and S17 (cotton field, Milan, China, 39.27°N, 88.91°E) (38) were
already dry when sampled. They were sieved to 2 mm mesh size and stored at 4 °C in
open plastic bags prior to measurement.

Physical and chemical properties of each soil sample were analyzed according to
ISO or DIN standard procedures: bulk pH of soil according to ISO 10390, nitrite, nitrate
and ammonium according to ISO/TS 14256-1, particle distribution according to ISO
11277, total C and N according to ISO 10649 and ISO 13878, loss on ignition according
to DIN 19684-3 (39).

Measurements

The prepared soil samples were homogenously spread in a borosilicate glass dish to
5 mm thickness and wetted with purified water to water holding capacity (whc, Eq.4).
After that, the glass dish was placed into the Teflon (PFE) chamber (volume 0.047 m®)
(8). Complete mixing of the chamber headspace volume was achieved by a fan. Dried
and purified air was purged through the chamber at a flow rate of 1-10* m® s™ and
mixing ratios of HONO, NO (NO;), O3 and H,O were measured at the chamber outlet.
The chamber was placed in a thermostatic cabinet to control the temperature of the
experiment (accuracy = 0.1 °C). All measurements were conducted in the dark to exclude
photosensitized reactions found by Stemmler et. al (40). Additionally, potential
interferences from background HONO formation can be excluded, as flushing the empty
chamber with NO did not lead to HONO production. The inlet concentration of the
purging air flow was measured regularly and was below the detection limits of the trace
gas analyzers. A pure air generator (PAG 003, ECOPHYSICS, Switzerland) continuously
provided dry air (dew point of about -30 °C).
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HONO was measured by a long path absorption photometer (LOPAP) (QUMA
Elektronik & Analytik GmbH, Wuppertal, Germany;, limit of detection (LOD) ~ 5 ppt)
(13). NO (and NO,) were detected by a gas phase chemiluminescence detector equipped
with a blue light converter (Model 42C, Thermo Electron Corporation, USA; LODyo ~
120 ppt and LODno2 = 300 ppt) (/4). Additionally, the headspace concentration of O3
was monitored using an UV-absorption analyzer (Model 491, Thermo Electron
Corporation, USA; LOD = 0.5 ppb). The loss of soil water during the experiments was
determined by measuring temperature and relative humidity at the outlet of the dynamic
chamber (Model MP 103 A, Rotronic Messgerdte GmbH, Ettlingen, Germany).

For the measurement of the pure culture of Nitrosomonas europaea, the
measurement of S2 and S12, including the ATP assays and the sterilization, the
experimental setup was slightly modified. A smaller Teflon chamber (volume 0.008 m?)
was used and the Thermo NOy instrument was replaced by a more sensitive
chemiluminescence analyzer (CLD 780TR, ECOPHYSSICS, Switzerland, LODyo =~ 35
ppt and LODyoz = 120 ppt). The water vapor difference between the inlet and outlet of
the chamber was measured with an infrared gas analyzer (LI-7000, Li-Cor Biosciences
GmbH, Germany). An intercomparison was performed using a constant source of NO,,
which yielded the same emission fluxes for both setups (not shown). During the
experiment, a flow of 1-10™ m® s was purged through the chamber containing the glass
bead sample (0.25 — 0.50 mm diameter, Carl Roth, Germany) or the soil samples,
respectively. To ensure sterile conditions, the chamber inlet was equipped with a sterile
air filter (MILEX®-FG Vent Filter 0.2 pm, 50 mm diameter, Millipore, France). The
glass beads and glass bowl were sterilized by washing with ethanol (70 %, absolute for
analysis, Merck, Germany). Sterility of the setup was checked by an ATP assay for a
sample of sterile AOB nutrient solution. For each experiment 50 g of glass beads were
used and wetted either with sterile AOB nutrient solution (41, 42) or AOB culture
suspension to reach whc. Nitrosomonas europaea was cultured as described by Kriimmel
and Harms (47) and the purity of the cultures was checked by microscopy. ATP was
measured using a commercial ATP kit (BacTiterGlo, PROMEGA GmbH, Germany)
combined with a luminometer (GloMax 20/20, PROMEGA GmbH, Germany). To
sterilize sample S12 the soil was placed into a desiccator, along with 1 ml methyl iodide
(99% Reagent Plus, SIGMA-ALDRICH Chemie GmbH, Germany) in a separate bowl.
The desiccator was evacuated and the soil sample was exposed to a high partial pressure
of methyl iodide for 24 hours. The sample was measured directly after this procedure.

Calculations
Fluxes of HONO, NO and NO, were calculated using the following formula:
0 My
F,==. -y ) —= 1
N A (Zoul Zm) V ( )

m

with Fy the flux of trace gas in terms of N (ng m™ s™), the purging flow rate Q (m* s™),
the headspace mixing ratio at outlet and inlet of the chamber ¥ o and i (ppb), the area
of soil A (m?), the molar volume of air Vy, (m® mol™) and the molar mass of nitrogen My

(g mol™).
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The uncertainties of the fluxes (AFn) were calculated using Gaussian error
propagation, neglecting the potential error of Vy,. For the inlet and outlet mixing ratios
(%in and yout) the errors are identical since Ay, was set to the noise of the instrument at the
limit of detection (LOD):

2 2 -
AFN =+ [%) AQ +|:(6F‘—NJ AA] +(2 [aF_N] 'AZoul (2)
9 ) 4 e A )0, 2100 % Jaoz,

The area of the soil was calculated from the radius of the dish, which had an error of
approximately 2 mm. The error of the purging air flow rate Q was calculated from the
noise (30) of the measured flow rate. All measured values of 7y, that were not
significantly different from y;, were rejected.

We calculated the loss of water during the experiment from weighing the soil
sample before and after the experiment and from the humidity measurements in the
sample air, and subsequently derived the soil water content (normalized by the water
holding capacity, see table S1):

t
[RE(r)- dt
swele)=| 1- m(loss of water) 7, 100 3)
m(dry soil ) ’TRH (t)-dt whe
t=0

where SWC(t) is the soil water content (%) at time t (s), m(loss of water) is the mass of
water (kg) evaporated from the soil during dry out, m(dry soil) is the mass of dry soil
(kg), RH(t) is the relative humidity in the sample air (%) at time t and whc is the water
holding capacity (%), defined as:

m,,(water)

whe = —%
m(dry soil )

“4)

where mg,(water) is the mass of water in soil at field capacity (kg).
The NO, and NH,4' concentrations at optimum SWC were calculated using the
following equations:

[NO‘]= p(water) _%m(NO;)
*LSWC-whe  M(N)
[NH*]: p(water) _%m(NH:)
YSwC -whe  M(N)

®)

(6)
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where [NO,] and [NH,'] are the concentrations (mmol 1), p(water) is the density of
water (kg 1), M(N) is the molecular mass of nitrogen (g mol™”) and %m(NO,") and
%m(NH,") are the nutrient contents of dry soil (ing kg™) (see table S1).

Supplementary Text

All reported fluxes were calculated for i, equal to 0 ppb and, thus, represent fluxes
prevailing under clean background conditions (very low atmospheric mixing ratios of
trace gases) and may be considered as upper limit estimates. Typical daytime mixing
ratios of HONO (50 — 500 ppt) (43) are much lower than those of NO (1-10 ppb) (33, 44,
45) in remote regions. Hence, the ratio of net HONO to NO fluxes should be even higher
under these conditions.

Fxopt(HONO) and Fy opt(NO) were found to correlate only slightly with the
calculated NO,™ concentration at optimum SWC (R*=0.52 and 0.51, respectively) and
even less with NH," concentrations at optimum SWC (R* = 0.39 and 0.41, respectively).
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Fig. S1.

Global map (46) showing the contribution of Fy op(HONO) (orange) and Fy opi(NO)
(green) to their sum for the soil samples analyzed in this study. The height of the pie chart
reflects the total emission flux (sum of Fx opt(HONO) and Fy opt(NO)). Light and dark
grey shading of the map represent arable land use and arid climate according to Koeppen-
Geiger climate zones (47). Black bordered red crosses mark the soil sampling sites (see
Materials and Methods).
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Fig. S2.

Global map (46) showing the potential HONO soil emission hot spots. The light brown
color-code represents arid land with pH > 7 and the dark red color-code refers to arable
land with pH > 7. The pH values were taken from (48).
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Fig. S3.
Temperature dependency of Fy o, (HONO) measured for soil sample S8 for three
different SWC ranges.
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Physicochemical soil properties (nutrient content is shown in terms of N; n.a. = not
analyzed, LOD of NO, is 0.15 mg kg™).

soil pH | nitrite | nitrate | ammonium | losson | C/N | sand | clay | gravimetric
sample ignition soil water
content at whe
1 | mgkg' | mgkg' | mgke' % 1 | % | % %
S1 37| <LOD | 123 13 44 1392|774 8.7 68.8
S2 40| <LOD | 4.9 83.4 182 | 13.8 | na. | na. 1433
S3 46| <LOD | 3.5 36.6 37.1 | 189 | na. | na. 188.8
S4 4.8 1.0 5.7 48.4 853 | 20.1 | na. | na. 577.1
S5 54| <LOD | 175 2.9 35 1281792 | 83 62.7
S6 56| <LOD | 64 7.1 0.8 54 |189.7] 7.2 36.0
S7 59| 0.3 5.6 2.7 0.7 10.0 | 90.3 | 8.7 37.1
S8 6.1 | <LOD | 0.7 19.4 100 | 14.6 | 38.4 | 25.6 74.9
S9 6.4 1.6 14.6 4.6 183 |10.6 |17.2 329 116.1
S10 6.5| <LOD | 0.1 53 na. | na. | na | na. 35.0
S11 6.9 | <LOD | 253 6.0 53 11.7 | 5.0 | 253 54.9
S12 7.2 1.0 77.7 18.1 5.2 10.5]21.7 278 63.5
S13 78| 0.2 37.8 4.2 2.7 4221299 |11.7 28.9
S14 8.0 | <LOD | 415 2.6 40 |41.5|21.0(17.0 33.1
S15 82| <LOD | 142 1.8 1.9 |980|299| 5.2 29.7
S16 84| <LOD | 4.2 0.8 2.1 82.0 553 | 34 24.0
S17 8.8 1.1 691.7 83.0 74 |40.6 |21.4|11.2 30.6
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Abstract

Nitrous acid (HONO) is a major precursor of the toyyl radical (OH) in the atmosphere,
contributing up to 60 % to the total OH productauring daytime. Consequently, HONO has
a strong influence on atmospheric oxidative cagabiit is also an important source of nitric
oxide (NO), a key catalyst for tropospheric ozonedpction. It was recently shown that soil
can emit HONO at amounts similar to NO, and thatfitiation by soil bacteria is responsible
for a large fraction of these HONO emissions. Here,investigate the microbial formation
process of HONO. Laboratory experiments with purkuces show that HONO emission is
restricted to ammonia-oxidizing bacteria (AOB), wdees nitrite-oxidizing bacteria (NOB) do
not emit HONO. These findings are confirmed by lnihon experiments with these groups of
nitrifying soil bacteria. Hydroxylamine (NM®DH), which is released as a result of cell
membrane damage by drying stress, is identifiedrasursor of HONO emissions by AOB,
whereas nitrite production is of minor importantksing a glass bead matrix, we observed
that HONO is formed by a surface reaction of gaseldthbOH with water vapor with an
uptake coefficieny = (9.3 + 3.1) - 10, which is comparable to other heterogeneous @ati
forming HONO. This explains why HONO emissions amainly found at low soil water
contents, as only then the soil particle surfacevalable for the heterogeneous reaction. Our
results suggest that NBH is an important precursor in HONO formation frammonia-

oxidizing bacteria in soil.
Significance Statement

The hydroxyl radical (OH), the main oxidant or “eegent” of the atmosphere, is produced to
a significant extent by the photolysis of nitrougda(HONO), and therefore HONO has a
strong influence on the atmospheric oxidative skd&nsing mechanism. It was recently
shown that ammonia-oxidizing bacteria in soil el@NO at the same order of magnitude as
the previously well-studied nitric oxide (NO). lhi¢ study we investigate the mechanisms
driving this microbial emission of HONO. From pucelture experiments we find that a

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

heterogeneous reaction explaining this formati@tess.

Introduction

The release of reactive nitrogen,Ifom soil has been studied for more than 50 y€hr®),

mainly focusing on nitric oxide (NO) and nitrousiade (N;O). In general, NO can be emitted
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by soil microbes during nitrification (3) and deifitation (4). During the latter process
nitrate (NQ") is mostly anaerobically reduced to nitrogen)(Mia nitrite (NQ), releasing
NO and the greenhouse gagONas intermediates (5). Nitrification can be sefmtanto two
steps: the oxidation of ammonia (bfMvia hydroxylamine (NEHOH) to NOy by ammonia-
oxidizing bacteria (AOB)(6) and ammonia-oxidizingclzaea (AOA)(7), followed by the
transformation of N@ to NOs by nitrite-oxidizing bacteria (NOB) (8). The saihter content
(SWC), which affects gas permeability, and henesakygen availability, determines which
of the two processes dominates (9). FurthermoreCSNds a strong influence on the
composition of the microbial communities (10). Dwgithese microbial transformations, NO
can be released by either AOB (11) or NOB (12).

Recently, Oswald et al. (13) demonstrated thaadidition to its abiotic formation from NO
and protons in the aqueous phase of soil (14pustacid (HONO) can also be emitted by the
AOB Nitrosomonas europaegarticularly at low SWC. This is an importantding for
atmospheric chemistry, because HONO significamtfiuences the oxidative capacity of the
atmosphere due to its photolysis during daytimeckvlyields the OH radical. Furthermore,
the resulting NO has adverse effects on troposphmrone formation and hence, on air
quality (15, 16). While the work of Oswald et @3] showed that soil HONO emissions are
closely linked to NO emissions, the biological meses underlying the release of HONO

from bacteria have not been investigated in detail.

The NO release by AOB can occur at different stdphe ammonia oxidation chain. In the
first step, the ammonium monooxygenase (AMO) predudHOH (17). The intermediate,
NH,OH, is known to easily autoxidize in solution to N@eleasing the trace gases NQON
and N (18). In a second step, NBH is oxidized to N@ by hydroxylamine oxidoreductase
(HAO) (19). This reaction is thought to form NO a®yproduct (20). During denitrification
by nitrifiers, NQ  is reduced stepwise to,Nwhich mostly proceeds analogously to the
denitrification by denitrifiers (21, 22). Howeveahe structure of the enzymes of the AOB
differs from that of the denitrifiers, which reduls®, by nitrite reductase (NIR) to NO (23).
This is subsequently converted teONby nitric oxide reductase (NOR) (24). During thes
processes all intermediate gases can be emittdtetatmosphere (24). While the emission
pathways of NO and XD are relatively well studied, detailed investigas of the processes

underlying soil HONO emissions are still lacking.
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To close the gap of knowledge about this imporpathway in the biogeochemical nitrogen
cycle, we investigated several strains of AOB an@BNwith the following goals: (a)
identification of groups of nitrifying bacteria thare involved in soil HONO emission and (b)
investigation of the different enzymatic reactiarfsbacterial nitrification and intermediates
that are potentially responsible for HONO formati@ur aim is to provide an experimental
basis to explain and quantify the role of soil HONgnissions and their impact on
atmospheric chemistry.

Results and Discussion

We performed our experiments under controlled latooy conditions using the dynamic
chamber method (25). The soil samples were platétetri dishes and were wetted initially
to reach field capacity (fc) (26). The bacterialtaxes were grown in a liquid medium (27),
which was applied to a layer of glass beads inta Bish to reach the fc of the glass beads.
The Petri dishes containing the samples were placted the chamber, which was then
continuously flushed with dry purified air leading a slow drying, during which the trace
gases (HONO, NO, ¥, Oy) in the air leaving the chamber were measureddoyneercial
analyzers (for details see material and methodg)ically, a maximal emission of HONO
and NO is observed at an optimal gravimetric watartent during this drying-out process.
These maximal emissions will be henceforth denaed,{HONO) and G,(NO). We will
mainly use these optima to characterize and disthessesults. As an example, the results
from a complete experiment are displayed in Fig Bie cell density of the cultures was
quantified by measuring the concentration of adiereo§’-triphosphate (ATP) in pmotf|
which correlates well with the microscopically dexd cell density (Fig. S2). The cell density
of the AOB cultures was typically determined jusffdye the experiment, and was in the
range of 2 to 20 umol*l ATP. Since one experiment lasted about seven haudsthe
reproduction rate of AOB ranges between 12 and @0 (28), we neglect any significant

growth of the cultures during the experiments.
Overview of Bacteria Emitting HONO

We investigated the ability of the NOB specidgrobacter winogradskyiNitrospira defluvii
and Nitrospira moscoviensjsand the AOB specied\itrosmonas communidNitrosmonas
europaeaNitrsosomonas nitrosa, Nitrosomonas ureardNitrosolobus multiformiswhich

represent all phylogenetic lineages comprisingestrial and limnic AOB species (29), to
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emit HONO and NO at a temperature of 25°C (Fig.Qyr experiments showed that HONO
emissions from AOB substantially exceed those of MQcontrast, the NOB only emit very

small amounts of NO and no detectable HONO. Ouliffigs are in agreement with Oswald et
al. (13), who found &{HONO) to be four times larger thagp,fNO) at low bacterial activity

of the culture.

2 [ HONO
o ~ [ NO

14.1

F,, (Nmolm?®s™)
B
o
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20
54

Ammonia Oxidizing Nitrite Oxidizing
Bacteria Bacteria

Figure 1: HONO and NO are emitted by AOB, while NOB only erery small amounts of
NO. The cell density of the culture expressed a$ Abncentration in pmol*lis shown
above the corresponding bars. For the NOB no dedatit is available. All experiments were

carried out at 25°C.
Inhibition of Microbial Activity in Soll

A soil sample taken from a wheat field was treateth the inhibitors methyl 3-(4-
hydroxyphenyl) propionate (MHPP) (30) and potassighiorate (KCIQ) (31) before

performing a dry-out experiment in the dynamic cham

The comparison between the inhibited and the uigtdesamples in Figs. 2a and 2b shows
that R,{HONO) was reduced by 73 % and,fNO), was reduced by 78 % by the MHPP
inhibition. This result is comparable to the steation experiment with methyl iodide
performed by Oswald et al. (13), reaching 75 % cédo of HONO and NO emissions for
the same batch of wheat field soil. In contrasti® MHPP inhibition, the inhibition with
KCIO3 showed a reduction of only 41 % ig,&NO), whereas §(HONO) increased by 29 %

compared to the untreated sample. These results thie inhibition of microbial activity in
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soil samples are consistent with pure culture erparts, as MHPP, an inhibitor of AMO
(30) and hence of AOB activity, has an analogotecefas the sterilization agent methyl
iodide (32) that was applied by Oswald et al. (13).

25 25

(a) (b)
F(NO) 1 F(NO)
- e F(NO) + MHPP - ===F(NO) + KCIO,
’ FIEIA0) i F(HONO)
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Figure 2: The inhibitors MHPP and (KCK) have opposite effects on soil HONO emissions
from a wheat field soil (T = 25°C). The emissiome ahown in light colors for the untreated
sample and in dark colors for the inhibited sam(i) 1.0 pg g soil MHPP and (b) 819 pg

g soil potassium chlorate was used to inhibit therafiial activity from the wheat field soil).

The NOB inhibitor chlorate (31) reduces only theissions of NO while it increases HONO
release, which is likely due to the accumulatioN@},', increasing abiotic HONO emission
(14). This confirms that bacterial HONO emissioming the bacterial nitrification process is
restricted to the ammonia oxidizing step and to A@Bhe following sections, we will focus

on the HONO formation process by AOB.
HONO Emission vs Cell Density

HONO emissions from cultures ™. europaea(type strain) were measured during their
growth at different cell densities (Fig. 3). Oveetrange of cell density of 0 to 5 pmdi |
ATP, Rp{HONO) rises linearly, followed by a slower incredsetween 7 and 12 pumot |
ATP. Beyond 12 umoli ATP, Fp{HONO) decreases quickly and drops to nearly zew a
cell density of 20 pmoli ATP.N. communisN. nitrosa N. ureaeandN. multiformisfollow

the same pattern. The oligotropcureaeshows lower emissions than the eutrophic strains.
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Figure 3: Optimum emission §{HONO) of N. europaeagreen diamonds)N. communis
(blue square)N. nitrosa(red triangle),N. ureae(orange circles) antl. multiformis(violet
diamond) at different cell densities shown as ABRaentration. The cultures were grown on
a suspension containing 10 mmdINH,". Error bars of Fpt represent the uncertainty of the
results derived from Gaussian error propagatiortutation (AFyy). Error bars of ATP

measurements denote standard deviations (n=3).

The lack of a linear relationship betweep{HONO) and cell number (Fig. 3) is in contrast
to the results from previous studies on NO emissiopom AOB, which had shown a linear
relationship (21). This linear relationship for N@lease was mainly attributed to the
enzymatic pathway of nitrifier denitrification. Hesy HONO emissions might not be directly
correlated with enzyme activity, a parameter relat@ the number of cells, but with the
different metabolic intermediates and products, sehconcentration in the medium changes
due to their production or consumption during thewgh of the culture. We also investigated
the behavior of the knockout mutantétK (33) andnorB (34), of N. europaeawhich are
each lacking nitrite reductase (NIR) and NO redsetdNOR), respectively. Both emitted
HONO at rates similar to the type strain (data sltodwn). Since these enzymes are both
known to be involved in the nitrifier denitrificath pathway, this mechanism can be excluded
for HONO formation.
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The Effect of Nitrite and Hydroxylamine
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Figure 4: (a) Optimum emission fluxes,fHONO) (orange circles), and ATP concentration
(blue diamonds) foN. europaeas a function of N@ concentration in the culture. The NO
concentration in the culture suspension is positieerrelated with the cell density of the
culture measured as ATP concentration. b) Optimmms&ons E,{HONO) (orange circles)
and ATP concentration (blue diamonds) fbir europaeaas a function of NBKOH
concentration in the culture. F&. europaea accumulation of NBEDH appears at cell
densities between 7 and 12 pmdl IATP. Error bars of &t represent results from the
Gaussian error propagation calculatiakFd,). Error bars of ATP concentrations denote
standard deviations (n=3). Error bars of cgCand c(NHOH) represent 4 of the

background.

Figure 4a shows that,/{HONO) is positively correlated with NCat concentrations below
2 mmol I*. However, above this threshold HONO emissionsidecand approach zero at
5.5 mmol I*. This is in contrast to the linear correlationwifNG,) that would be expected
for abiotic HONO emission from NQaccording to Henry’s law. Furthermore, the pH & 6.
— 7.2 insideN. europaeeacells (35, 36) is too high for an effective praation of NQ™ and,
hence, a strong abiotic HONO emission. On the dtlaed, a nearly exponential correlation
exists between the cell density and the,N@ncentration (Fig. 4a), consistent with NO
being a metabolism product &f. europaea This close linkage between c(hPand the
number of cells explains the observed Ndependency of fJ5{HONO). The cell density (Fig.
3) also shows the pattern of a strong decreaseHENO) after reaching a maximum,
similar to the behavior of c(NQ (Fig. 4a).
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Figure 4b shows that,;){HONO) is positively correlated with the concentatof NHOH in

the culture suspension (for details on determinagi®e material and methods). }HH as an
intermediate is only observed at low concentratioh® — 0.35 mmol, in contrast to Ng,
which accumulates. Unfortunately, c(MBH) data are not available for all measurements,
and due to the high limit of detection (LOD) of 80mmol I* for NH,OH only three data
points are valid. Higher values of c(MBH) result in stronger HONO emission. However,
only some of the investigated cultures show,®8H accumulation in the culture suspension
(Fig. 4b). ForN. europaeaaccumulation of NtDH appears at cell densities between 7 and
12 pmol I* ATP, just before the observed collapse of HONGHipation shown in Fig. 2. The
positive correlation of the HONO emission flux as{l\H,OH) may suggest that NOH is a
precursor for HONO. The known hydrolysis of MbH to NG in aqueous solution supports
this theory (37). However, the number of data mistoo low for robust conclusions.

Effect of Ammonia Limitation on HONO Emission

. N. europaea 10 mmol I NH;

¢ N. europaea 5 mmol I'' NH;

N. ureae 10 mmol I NH;

0 /L
v | J | g | ' /AL
0 50 100 150 3000 6000

NH; per AOB cell a_(NH;) (pmol cell")

cell

Figure 5: Optimum emissions, Jsg{HONO), for N. europaeaand N. ureaecultures as a
function of the ammonia availability per AOB celbigNH,"expressed as pmol céliGreen
diamonds showN. europaeacultured in a 10 mmol™ NH," culture suspension, brown
diamonds show the results from cultivation in aehl™ NH," culture suspension. Results
from N. ureaecultured in 10 mmolt NH," culture suspension are represented by orange

dots. Error bars of f5; represent results from Gaussian error propagatdsulation AFopy).
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The strong decrease iR EHONO) shown in Figs. 3 and 4a could be relatethétbammonia
concentration in the medium. Although N@s still produced at higher cell densities, which
indicates that sufficient ammonia is present foe dulture to grow, a threshold in the
availability of ammonia might limit (HONO). Therefore we calculated the ammonia
availability per AOB cell, ai(NH,"), expressed as pmol c&lifrom the NH' concentration
and the cell density at the start of the experiméfdr N. europaeaa maximum of
Fop(HONO) was observed at 10-12 pmol celiollowed by a strong decrease QhfHONO)
with increasing @i(NH4") (Fig. 5). This pattern was found fdt. europaeacultivated in
suspensions containing 10 mmdl NH;" or 5 mmol 1 NH,". In addition, the oligotrophic
speciesN. ureag followed the same pattern, although it showedfferént F,,(HONO) at
different cell densities (Fig. 3). These findingslicate that the ammonia availability has a
strong influence on HONO emission. Schmidt et 3@B)(have shown that several AOB,
including N. europaea are able to accumulate ammonium and,®H up to an internal
concentration of 1 moll and 0.8 molt, respectively. At a low ammonium availability,
below about 10 pmol cél| where Bp{HONO) decreases strongly, the AOB might not be abl
to maintain their high internal stocks. The strastgemission f{HONO) occurs at a low
gravimetric water contenly of ~1.5% in each experiment. Thus the culture snsjn
becomes highly concentrated, as the volume of tispension is reduced by ~94%. Hence
AOBs are exposed to a strong osmotic pressure hwhight lead to cell lysis and the release
of accumulated Nif and NHOH. Reactions of Ngland NH" have been widely studied and
it seems unlikely that they are a precursor of HONGtead, our results suggest that,®H,

a molecule that has not been extensively studiethengas phase under atmospherically
relevant conditions, might be involved in the fotima of HONO.

Relation of F(HONO) and F(NJ®H) to Damaged Cells

To confirm a link between fHHONO) and the internally accumulated p®H, we applied
formaldehyde (CkD) to a culture suspension (Fig. 6). £LHincreases the permeability of the
cell membranes, which should trigger the releasbldfOH and thereby initiate the HONO
emission. Indeed, we found the onset of the relea$#ONO and NO to occur directly after
the application of CkD. The large peak at the end of the experimentchvis the discussed
Fop(HONO), can be attributed to the progressive dipagprocess, which is indicated by the
drop of HO evaporated from the soil.
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Figure 6: Disruption of the cell membrane by formaldehyddi{0O) causes instantaneous
emission of HONO and NO. The ,@ release from soil in the chamber is represented i
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We used a Proton Transfer Reaction Time of Fliglis81Spectrometer (PTR-TOF-MS) to
investigate the potential release of MHH during the drying out of a culture suspension
applied to glass beads. Additionally, the numbercells with damaged membranes was
determined using fluorescence microscopy. Our tesllow thatN. europaeais capable of
emitting NHOH (Fig. 7). The release starts at higher value, abmpared to the release of
HONO and increases further during the drying ottor8y before F(HONO) starts to rise
strongly (atdg= 6 %), the F(NHOH) maximum is reached and followed by a sharpidecl
The rise in cells with damaged membranes follovesstime pattern as F(HONO) from the
europaeaculture. This can be explained by the loss of nramd integrity caused by
dehydration stress at lody. Fop{HONO) and B,(NH>OH) correspond to the strongest cell
damage and support our theory of cellular,®H being released during the drying out of the

cultures as precursor for gaseous HONO emissions.

Surface Reaction of Gaseous NH2OH with Water Vapor
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Figure 8. Dependency of HONO formation on the glass beadaserduring the surface
reaction of NHOH (207 ppb) with water vapor (12.5 mmol Ml

To investigate the process of HONO emission further used a source of gaseous,OH
that we flowed together with humidified air througlcartridge filled with different amounts
of glass beads. We observed that the followingti@agields HONO (R1) in this setup:

NH,OH + H,O + surface-» HONO + unknown products R1

A linear relationship between the glass bead serfaed the produced HONO was found
(Fig. 8). For the very short contact time of onlg Between air and glass beads, the maximal
conversion of NHOH to HONO was found to be 8.6 %. We calculateduitiake coefficient,
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y, for the largest amount of glass beads tg bg9.3 + 3.1) - 10, which is of the same order
of magnitude as other heterogeneous reactions mgridONO (39, 40). Formation of HONO
was not observed under completely dry conditiongthérmore, a gas phase reaction of
NH,OH with water vapor was not found (data not shov@r results show that NNH can
react to HONO on moist surfaces, which explains thservation of highest HONO
emissions at lowg, as only in this case the full surface of the glbsads is available for the
heterogeneous reaction R1.

Finally, we investigated four different soil sanmgl®or their NHOH release; however, no
NH,OH emission could be detected, because an isotapa@hemethanol {CH;OH)
apparently masks the very small expected,®H signal. Since soils have a substantially
higher specific surface area (~ 103 ° téh? g') compared to glass beads (59.6 cip ghe
heterogeneous reaction forming HONO is expectedbdomuch more efficient. Hence,
NH>OH cannot accumulate and its fluxes from soil samlre likely to be negligible, being
replaced by HONO emissions.

Conclusions

In this study, we have discovered and explainede&ipusly unknown process within the
biogeochemical nitrogen cycle, which causes HONGs&ion from soils and is thus vitally
important for atmospheric chemistry. Our resultsvstihat within the bacterial nitrification
process the emission of HONO is restricted to A@mj that NOB are not able to produce or
emit this compound. Js/{HONO) is not linearly correlated with the cell déy of AOB
cultures , but shows a maximum at intermediatedszikities followed by a strong decrease at
higher cell densities. This indicates that HONO s=iaoin is not directly linked to enzyme
activity in cells. Instead, the HONO emission sgtbndepends on the ammonia availability
per cell and hence also on the XHH concentration. We find that NBH, until now only
known as an intermediate of the ammonia oxidatiorcells, is released by AOB at all
gravimetric water contents. This release is strehdaring the drying-out phase of a culture
suspension, which causes cell membrane damagehanalease of internally accumulated
NH,OH. In the presence of water vapor, XHH can react on surfaces to yield HONO. This
heterogeneous reaction explains why HONO releasarsmnly at low soil water contents
(<40 %), as only then sufficient particle surfaseavailable. Although we cannot fully
exclude soil as a source for WBH, its flux from the solil into the atmosphereilely to be

of minor importance due to the efficient conversadiNH,OH to HONO.
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Materials and methods

Experimental details on the dynamic chamber selillii),OH measurements, cultivation of
bacteria, soil sampling and analysis, measuremgbtcteria 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 voluwie0.008 m3
was flushed with purified dry air at a flow ratefl0* m* s* (Figure S1). The air supplied to
the chamber first passed through a membrane doyebioed with a filter for compressed air
(Clearpoint and Drypoint M from BEKO Deutschland @) Germany). In the second step,
any HONO present was photolyzed to NO and OH witd\alamp (OG-1, Ultra-Violet
Products Ltd, USA). A pure air generator (PAG 0BEOPHYSICS, Switzerland) further
purified the air of HONO, nitrogen oxides (N© NO + NQ), ozone (@), hydrocarbons and
water vapor. To prevent any reactive nitrogen trgeses from entering the system, a
cartridge filled with Purafill (Headline Filters, g@nany) completed the purification. To
ensure sterile conditions, the chamber inlet wasppgd with a sterile air filter (MILER-FG
Vent Filter 0.2 um, 50 mm diameter, Millipore, Fcai)h. NQ was measured at the outlet of

the chamber by a chemiluminescence analyzer (CLOTR8 ECOPHYSICS, Switzerland,
LODno = 35 ppt and LORo2 = 120 ppt). A UV-absorption analyzer (Model 49i, Tine
Electron Corporation, USA; LOB 0.5 pbb) was used to measure. ®he water vapor
difference between the inlet and outlet of the dbanwas determined with an infrared gas
analyzer (LI-7000, Li-Cor Biosciences GmbH, Germarylong path absorption photometer
(LOPAP) (QUMA Elektronik & Analytik GmbH, Germanyimit of detection (LOD) 5 ppt)

(1) was connected directly to the chamber to meaBl®NO. The chamber and the LOPAP

sampling unit were placed in a temperature comttoltabinet. Data were acquired by a
CR3000 Datalogger (Campbell Scientific, Inc., USAgry 60 s.

NH,OH measurements. Gaseous hydroxylamine (NBH) was measured using a
commercial PTR-TOF-MS (Proton Transfer Reaction diof Flight Mass Spectrometer,
lonicon Analytik GmbH, Innsbruck, Austria) (2). Theeasurement technique is based on the
protonation of molecules with a proton affinity hay than water by ¥0" ions that are
generated in a hollow cathode discharge,®H has a proton affinity of 803 kJ nio(3),
while the value for water is 691 kJ ritqld). All protonated molecular ions are accelerdigd
an electrical field to the same kinetic energy stludt the resultant velocity of the ions
depends on the mass-to-charge ratio. Hence, tleedirflight is used to measure the velocity,
from which the mass-to-charge ratio can be detaxthi(b). The mass resolution was
approximately 3700 min and NHOH was measured at mass 34.029. It should be tloéa¢d
the 1°C isotope of methanol at mass 34.037, which reptese% of the methanol signal, can
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potentially interfere ambient measurements. Fomptire culture experiments, NEIH was in
large excess over methanol. The instrument wasatggbiwith a drift pressure of 2.20 hPa
(E/N 140 Td) and a drift voltage of 600 V. For mas$ibration, 1,3,5- trichlorobenzene was
used as internal standard. Data post-processingaaalysis was performed by using the
program “PTR-TOF DATA ANALYZER”, which is describeelsewhere (6). NKDH
measurements were made with the chamber systemitdebbdy Behrendtet al. (7). The
same inlet tube length was used for calibration mm@dsurement in order to minimize the
effect of wall losses. The instrument was calilaafier gas phase NJMH using a custom
sublimation unit with NHOH purified by the method of Chang et al.(8). XIHH was exposed
to a nitrogen gas flow and the concentration wasrdened gravimetrically. The PTR-TOF-
MS was calibrated with a NJ@H mixing ratio of 893.8 ppb. Since the measuredimgi
ratios of NHOH were lower (0-230 ppb) than the single-pointbration value, we assume a
systematic error of 30 %, in contrast to compouwadibrated with pressurized gas standards,
which typically have an overall uncertainty of ab@0 %. The calculated detection limiis(3
of the noise) was about 15 ppt. For the surfacetimaexperiment with glass beads, the gas
flow from the NHOH source (745 ppb) was diluted with humidified @#.5 mmol mot
H,0) to a mixing ratio of 207 ppb NB®H and directly passed through a cartridge with the

glass beads. HONO produced from other wall reastwas subtracted as background signal.

The measurement of NBH by any technique that requires tubing connestios
challenging, because this molecule has a highigffio adsorb on tubing walls due to its
polarity. The possibility that the maximum F(MBH) observed in Fig. 7 might have been
related to a desorption of NBH from the tubing, caused by the decreasing huypidould

be ruled out, since similarly soluble moleculeg, ,enethanol, did not show such effects.

Cultivation of bacteria. Ammonia-oxidizing bacteria were cultivated accogdto Krimmel
and Harms (9) in a culture suspension containingiNH,". The purity of the cultures was
checked microscopically and by the use aiudrient broth test (Standard 1 nutrient broth,
Merck KGaA, Germany) to ensure that the cultureseweee of heterotrophic contaminants
(10). The AOBNitrosomonas commun{dim2) (11),Nitrosomonas europae@m50, ATCC
25978) (12) ,Nitrosomonas nitrosgNm90) (11),Nitrosomonas ureaéNm10) (11), and
Nitrosolobus multiformigNI13) (13), and the NOBNitrobacter winogradsky(« Engel»),

Nitrospira defluvii(A17), andNitrospira moscoviensi@Vl) were used in this study.
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Soil sampling and analysis. The soil sample from the wheat field (Mainz-Ferth Germany,
49.97°N, 8.16°E) (14) was taken from the uppernsosdtlayer (5 cm). The sample was dried
at 40 °C for 24 hours, sieved to 2 mm, and stored 4C in open plastic bags before

measurement.

M easurement of bacteria and soil samples. All samples were prepared in petri dishes (100 x
20 mm, Duran Group, Germany) with 50 g of eithal sample or glass beads (0.25 — 0.50
mm diameter, Carl Roth, Germar({t4). For NHOH measurements a smaller petri dish (50 x
20 mm, Duran Group, Germany) with 12 g of glassdbeand soil, respectively, was used.
The soil samples were wetted with purified watergach water holding capacity (WHC), see
Behrendt et al. (7). The sample was subsequenrdlyed! into the dynamic chamber. For the
inhibition experiments either potassium chlorate8 (@ I'; > 99%, Carl Roth, Germany) or
methyl 3-(4-hydroxyphenyl) propionate (2.0 m§ B7%, Sigma-Aldrich, Germany) were
added to the purified water.

For bacteria culture samples, the glass beads lasd owl were sterilized by washing with
70 % ethanol (absolute for analysis, Merck, GermaS8terility of the setup was checked by
an ATP assay on a sample of sterile AOB nutriehitsm. Bacteria culture suspension or
sterile culture solution was added to the glassdea reach whc and the sample was
subsequently placed into the dynamic chamber. Roithhe measurement, the cell density of
the culture was measured using an ATP kit (BacGierPROMEGA GmbH, Germany) and
a luminometer (GloMax 20/20, PROMEGA GmbH, Germafy)e NQ concentration in the
culture suspension was measured according to 1ISQAZ56-1. NHOH in the culture
suspension was oxidized with iodate to NOy the method of Afkhami, Madrakian and
Maleki (15). NQ’ from this reaction was also determined accordintpO/TS 14256-1. The
difference between the NOconcentration before and after the iodate addigqgoals the
NH,OH concentration. The ammonium availability per A8 a.(NH4") was calculated as
follows:

+\ Cinit(NHF ) ~Cmeas(NO3)
ahyp,cell(NH4 ) - c(Bact)Veuir (1)

with the initial NH," concentration of the culture suspensiofi(NH4") in mmol I*, the
measured N® concentration, fa{NO>), in mmol [}, the volume of the culture suspension,
Vet in I, the number of bacteria per volume, c(Bact) inscél. The error was calculated

according to Gaussian error propagation.
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Flux calculations. HONO, NH,OH and NO fluxes were calculated according to diieding

formula:
Q
F = -Y. 2
AN o = Xin) (2)

where Hs the flux of trace gas in nmolfrs?, Q is the purging flow rate in hs?, A is the
area of soil in fy Vi, is the molar volume of air in fmol™, andy..: andxi» are the headspace

mixing ratios at the outlet and inlet of the chamlespectively, in ppb.

The error of F was calculated as follows:

oF “ [roF " [ror
AF =+ ||| 2= BQ| +|| = DA +|| 2| @y,
aQ A Xin/out 0A Q. Xin/out a)( AQ Xin

3)

2 2

l(aF ]
= m)(ln
aX AQ Xout

The error of \,, was neglected. The error of A was assumed totrssah a 1 mm uncertainty

of the dish radius. The noisec3of the measured flow rate was used to estimfe The
error ofxi, was set to the limit of detection of the instrumsefror the error gfou: of HONO,
an additional uncertainty of 10 % of the absoluttug was added to the limit of detection.

For the other species the errorxgf: was derived as fo{in.



B2. Ermel et al, to be submitted, 2014

Supporting Figures
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ABSTRACT: Gaseous nitrous acid (HONO), the protonated form of nitrite, — LOEAE
contributes up to ~60% to the primary formation of hydroxyl radical (OH), HO'NO A AAANAU
which is a key oxidant in the degradation of most air pollutants. Field HO™NO
measurements and modeling studies indicate a large unknown source of
HONO during daytime. Here, we developed a new tracer method based on .

. . o O P Solid Phase
gas-phase stripping-derivatization coupled to liquid chromatography—mass Extraction Q g
spectrometry (LC-MS) to measure the "N relative exceedance, y('*N), of u
HONO in the gas-phase. Gaseous HONO is quantitatively collected and
transferred to an azo dye, purified by solid phase extraction (SPE), and
analyzed using high performance liquid chromatography coupled to mass
spectrometry (HPLC-MS). In the optimal working range of y(**N) = 0.2—0.5,
the relative standard deviation of y('*N) is <4%. The optimum pH and
solvents for extraction by SPE and potential interferences are discussed. The
method was applied to measure HO'NO emissions from soil in a dynamic
chamber with and without spiking "N labeled urea. The identification of HO*NO from soil with "N urea addition confirmed
biogenic emissions of HONO from soil. The method enables a new approach of studying the formation pathways of HONO and
its role for atmospheric chemistry (e.g., ozone formation) and environmental tracer studies on the formation and conversion of
gaseous HONO or aqueous NO,™ as part of the biogeochemical nitrogen cycle, e.g,, in the investigation of fertilization effects on
soil HONO emissions and microbiological conversion of NO,™ in the hydrosphere.

Channel 1| Channel 2

AzoDye 1| AzoDye2

N Relative Exceedance +——————  HPLC-DAD-ESI-MS

B INTRODUCTION Large quantities of HONO may be released from a chemical
equilibrium of acid—base reaction and gas—liquid partitioning
controlled by the temperature, water content, nitrite concen-
tration, and pH of soil,"* and soil ammonia-oxidizing bacteria

In the lower atmosphere, nitrous acid (HONO) contributes up
to ~60% to the primary formation of hydroxyl radical (OH),
which is a key oxidant in the degradation of most air

pollutants."™® Upon reaction with tobacco smoke, HONO (A0B) may 6release even more HONO than the chemical

can also form carcinogens and is thus linked to health risks of equilibrium.™ Soil samples from arid and arable areas as well as

indoor air pollution.* peatlands were found to emit HONO in quantities comparable
During daytime, HONO undergoes rapid photolysis, and to the emissions of nitric oxide (NO).'*"”

most field measurement and modeling studies indicate a large Several instruments based on spectroscopic methods, (eg.,

unknown source of I—IC)NO'S_9 This unknown source has been refs 18—21) and wet chemistry methods have been developed

tentatively attributed to photosensitized reduction of nitrogen to determine HONO mixing ratios in the atmosphere (e.g,, refs

dioxide on humic acid,'” nitric acid photolysis on surfaces,'!

photolytically enhanced nitrogen dioxide (NO,) conversion on Received: March 19, 2014

the ground,6 anion catalyzed NO, conversion,'” or the Revised:  June 16, 2014

photolysis of ortho-nitrophenols.’> Another potential explan- Accepted: June 22, 2014

ation is the release of HONO from biogenic soil nitrite."*'s Published: June 23, 2014

<7 ACS Publications  © 2014 American Chemical Society 8021 dx.doi.org/10.1021/e5501353x| Environ. Sci. Technol. 2014, 48, 80218027
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22-25). A very sensitive and reliable technique is the so-called
Long Path Absorption Photometer (LOPAP).***” HONO is
sampled quantitatively by two stripping coils in series with an
efficiency of about 98% in the first coil due to a fast reaction
forming the diazonium ion which is the precursor of the azo
dye. Hence, potential interferences by species that are not
quantitatively removed in the first coil can be detected by the
signal from the second coil, and measured values are
subsequently corrected for. The instrument measures the
light absorption by the azo dye which is formed through the
derivatization of HONO by sulfanilamide (SA) and N-(1-
naphthyl)-ethylenediamine dihydrochloride (NED), which are
Griess type reagents previously used in the analysis of nitrogen
dioxide.™ A similar technique of coil sampling is used to detect
the derivated HONO by high performance liquid chromatog-
raphy (HPLC).>**

The stable nitrogen isotope "N has been widely used to
study biogeochemical N transformation processes in ecosys-
tems.**3* N labeled nitrite and nitrate were measured by
different methods and instruments, e.g., in biological fluids by
gas chromatography—mass spectrometry (GC-MS),® in sea-
water by continuous flow isotope ratio mass spectrometry (CE-
IRMS),*" and in various aqueous samples by the sample
preparation unit for inorganic nitrogen and mass spectrometer
(SPINMAS) technique.3‘ The N in nitrogen gases, like NO,
NO,, nitrous oxide (N,0), and nitrogen (N,), were also
determined in a number of studies (e.g, refs 36—39).

However, due to the reactivity, solubility, and low mixing
ratios of HONO in the atmosphere, up to now a method to
measure the "N isotope ratio of HONO ([HO"NOJ]/
[HO"NOY]) is lacking. In this work, we present a new method
(gas-phase stripping-derivatization coupled to liquid chroma-
tography—mass spectrometry (LC-MS), LOPAP-HPLC-MS)
to determine the "N relative exceedance (y('*N), see ref 40)
of the HONO in the gas-phase. The principle of this method is
to convert HO'*NO to the corresponding '*N azo dye through
a Griess reaction during LOPAP analysis and subsequent
isotope ratio measurement by HPLC-MS.

B EXPERIMENTAL SECTION

Gas Sampling. Gaseous HONO was sampled and analyzed
using a commercial LOPAP instrument (LOPAP-03, QUMA
Elektronik & Analytik, Germany), which was described in detail
previously (see ref 23). Briefly, the HONO from the sample gas
flow was quantitatively and continuously sampled into the
acidic SA solution and immediately converted to a diazonium
ion inside a two channel stripping coil (channel 1: HONO
absorption channel; and channel 2: reference channel). The SA
solution (58 mM SA in 1 M hydrochloric acid) was pumped
continuously to the stripping coil and, after stripping HONO,
flushed back to the instrument where it was mixed with 0.39
mM NED to form the azo dye (see the following reaction of
the HONO derivatization):
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To determine the HONO gas-phase concentrations the dye
solutions are passed through a 2—3 m long Teflon AF tubing, a
so-called liquid core waveguide, which acts as an absorption
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cell. The solutions from channels 1 and 2 were collected
separately in S mL volumetric flasks after the photometric
measurement and used for the subsequent analysis of the
w("*N) of the HONO produced by the experiments.

Sample Purification. The azo dye solution, which was
collected from the LOPAP instrument, was purified by
reversed-phase solid phase extraction (SPE, DSC-18, Sigma-
Aldrich, USA). The following procedure was applied: 1) the pH
of the azo dye solution was adjusted to ~5.5 (the color of the
solution changed from red to pink) using 1 M NaOH (VWR
International, Germany); 2) the solution was diluted to 20 mL
using ultrapure water (18.2 MQ-cm water, PURELAB Option-
Q, ELGA LabWater, UK); 3) preconditioning of the SPE
column with 2 mL of acetonitrile (HPLC gradient grade, Carl
Roth, Germany) and 2 mL of ultrapure water; 4) extraction of
the sample solution (one drop per 2 to 3 s); S) washing of the
extracted sample material using 2 mL of ultrapure water
(removal of inorganic ions); and 6) elution of the azo dye from
the SPE column using 35/65 (v/v) of acetonitrile (ACN)/0.1%
(v/v) trifluoroacetic acid in water (TFA, for liquid chromatog-
raphy, Merck, Germany) into a 2 mL volumetric flask.

HPLC-MS Analysis. The extracted azo dye samples were
analyzed by HPLC-DAD-ESI-MS (Agilent Technologies 1200
series, Agilent technologies, USA). The system consisted of a
binary pump (G1379B), autosampler with thermostat
(G1330B), column thermostat (G1316B), photodiode array
detector (DAD; G1315C), and electrospray ionization quadru-
pole mass spectrometer (ESI-MS, G6130B). Chemstation
software (Rev. B.03.02, Agilent technologies, USA) was used
for system control and data analysis. A reversed-phase analytical
column (Agilent XDB-C18, S0 mm X 4.6 mm inner diameter,
1.8 um particle size, Agilent Technologies, USA) was used for
chromatographic separation. Eluents were 0.1% TFA in water
(Eluent A) and ACN (Eluent B). Gradient elution was applied
at a flow rate of 500 #L min~". For each chromatographic run,
the solvent gradient started with 25% B for 1 min followed by a
linear gradient to 90% B within 3.5 min, holding this
composition for another 3.5 min, flushing back to 3% B within
1 min, and column re-equilibration for 6 min before the next
run. The injection volume was 20—80 uL during the method
development, and 80 xL was used for soil experiment sample
analysis. Each chromatographic run was repeated three times.
The acquired wavelength range was 200—800 nm for DAD
detection. Detection and reference wavelengths for azo dye
analysis were 540 and 700 nm with bandwidths of 10 and 60
nm, respectively. The ESI-MS instrument was operated in the
positive ionization mode (ESI+) with an ionization voltage of
1750 V and a fragmentor voltage of 175 V at a dry gas
temperature of 300 °C. MS spectra were recorded in scan mode
(m/z 50—500) and single ion monitoring mode (m/z 370.1,
371.1, 372.1, and 373.1).

Calibration. The azo dye concentration and the w('*N) in
the azo dye samples were calibrated using the DAD and MS
detectors, respectively. Aqueous sodium nitrite standard
solution (Carl Roth, Germany) was used to prepare the azo
dye concentration calibration curve. A series of nitrite working
standard solutions containing 0 to 18.1 M sodium nitrite were
prepared before use from a 14.5 mM sodium nitrite standard,
which was stored at 4 °C. Five mL of the working solutions
were mixed with equal amounts of 58 mM SA in 1 M
hydrochloric acid and additional $ mL of 0.39 mM NED to
form the azo dye calibration solutions. Unlabeled and "N
labeled sodium nitrite (98%+, Cambridge Isotope Laboratories,

dx.doi.org/10.1021/e5501353x | Environ. Sci. Technol. 2014, 48, 80218027
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USA) solutions of the same concentration were mixed together
in varying ratios and processed as mentioned before to obtain
the w("*N) calibration standards. The sample purification and
analysis were carried out as described above.

>N Relative Exceedance Calculation. The y("*N) of the
azo dye was calculated according to refs 33 and 41. Due to the
natural isotope distribution of the unlabeled azo dye (M
(C1gH1oO0,NsS) = 369.1 g mol™), the ESI+ mass spectra
include the protonated molecular ions ([M + H]*, M) M + 0,
M+ 1, M + 2,and M + 3. Unlabeled azo dye working standards
were used to analyze the isotope distributions at different azo
dye concentrations. The ratio of the M + I, M + 2, and M + 3
ions for a given azo dye concentration was found to show slight
daily variations, likely due to small fluctuations of the
conditions in the ion source. Peak areas (mAU) of the
extracted ion chromatograms (EIC) for m/z 370, m/z 371, m/z
372, and m/z 373 were used to calculate the normalized signal
ratios of unlabeled azo dye standards shown in Table 1.

Table 1. Normalized Isotope Distribution of the Unlabeled
Azo Dye

parameter value
ion monitored (m/z) 370 371 372 373
mass M M+ 1 M+2 M+ 3
intensity 1.00 0.244 0.072¢ 0.011¢

“Average data obtained from different azo dye concentrations.

Since the liquid-chromatographic separation represents an
isotope fractionation process, it is important to take into
account the whole peak area of the EICs of interest for the
analysis of isotope distributions by HPLC-MS.*

Using the values from Table 1, the w('’N) is calculated
according to Green et al. (1982)33as

w(°N)
B 7AD — 0244”AD
~ YD + 'AD - 0244 AD + 0.072°AD + 0011°AD
(1)
where *AD and *”'AD are the peak areas of the EICs for m/z
370 and m/z 371, respectively.
This is simplified to

- R — 0244
SN) =
v(°N) R + 0.839 (2)

where R = ((*”?AD)/(*AD)), and *°AD and 3"'AD are the
peak areas of the EICs for m/z 370 and m/z 371, respectively.

Soil Experiments. The method was applied for the y(**N)
analysis of HONO emissions from soil samples spiked with SN
labeled urea (CO('SNH,),, 98%+, Cambridge Isotope
Laboratories, USA). Soil samples were collected from a long-
term tillage field (winter wheat and summer corn rotation) in
Lyons Estate (53°18'32.85”N, 60°32'31.62"W), Co. Kildare,
Ireland. The soil was a clay loam (sand 30.4%, silt 39.7%, clay
29.9%; bulk density 147 g cm™; total porosity 44.3%; pH
(H,0) 7.2; or§anic carbon 2.06%; total nitrogen 0.31%; NH,*-
N 1.4 mg kg™'; NO,™-N 0.27 mg kg™"; NO;™-N 6.8 mg kg™")
and was classified as Gray Brown Podzolic soil (Haplic Luvisol
soil unit and Luvisol major soil grouping in FAO/UNESCO
system, belongs to Alfisol soil order in the USDA system).*?
After being air-dried and passed through a 2 mm sieve, the soil
was stored at 4 °C before being used for an experiment. Fifty
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grams of a homogeneously mixed soil sample were placed in a
Petri dish (inner diameter = 88 mm) and wetted with ultrapure
water to water holding capacity (WHC, see ref 16). The Petri
dish was placed into a dynamic chamber made of Teflon
(volume 47 L), which was located in a temperature controlled
(25 °C) climate cabinet, and flushed with purified dry air at a
flow rate 8 L min~". Mixing ratios of HONO, NO, NO,, O;,
CO,, and H,0 were monitored in the chamber headspace by
the LOPAP, a NO, chemiluminescence analyzer (Model 42i-
TL, Thermo Scientific, USA), an Ozone analyzer (Model 49i,
Thermo Scientific, USA), and a LI-COR (Model 840A, LI-
COR, USA), respectively. This setup was described in detail
elsewhere.'® The limit of detection was ~5 ppt for HONO, ~
80 ppt for NO, and ~280 ppt for NO,, respectively. Fluxes of
HONO and NO were calculated based on the following
formula (see ref 16)

1
= S ~ 1)

F= Ml
AV,

(3)

where F is the flux of HONO and NO (nmol m™2s7"), Q is the
purging flow rate (m?s™), z,,, and z,, are the headspace mixing
ratio at outlet and inlet of the chamber (ppb), A is the area of
soil (m?), and V,, is the molar volume of air (m*® mol™).
The corresponding errors of the fluxes were calculated using
Gaussian error propagation.'6 Soil gravimetric water content
(SWC) was calculated from the loss of water during the
experiment and then normalized to the WHC.'® For the
experiment with "N labeled urea, 8.62 mL of CO("*NH,),
solution with a concentration of 16.4 mM was added to the soil
sample before the addition of ultrapure water and continuing
the experiment as described above. The addition of urea
corresponds to 150 kg ha™ (in terms of N) fertilizer applied in
the field. The azo dye solutions from channels 1 and 2 of the
LOPAP instrument were collected, and y(**N) of the emitted
HONO was analyzed according to the presented procedure.
The y("*N) of HONO caused by fertilizing was calculated
using the y("*N) of HONO from the fertilized soil experiment
and subtracting the values obtained from the unfertilized soil
experiment. Before and after the soil measurements, soil
nutrient (ammonium, nitrite, and nitrate) contents were
analyzed according to the ISO/TS 14256-1 standard procedure.

B RESULTS AND DISCUSSION

A detailed characterization of the collection efficiency, potential
interferences (NO,, O;, PAN, HNO;, etc.), and instrument
parameters of the LOPAP were presented by Kleffmann and
co-workers.”*%* Here, we discuss the analytical method
development of y('*N) determination of HONO by HPLC-
MS.

Azo Dye Extraction and Chromatography. Azo dye
recovery was found to be affected by solution pH and
extraction solvent composition. Too high or too low pH of
the sample solution decreased the azo dye recovery, e.g. by
protonation, which prevented or strongly reduced azo dye
retention on the SPE column. Hence, the pH of the azo dye
sample was adjusted to ~5.5 before SPE extraction, which is the
value of the change of color of the azo dye. Results of recovery
experiments showed that the best extraction efficiency was
obtained using 35/65 (v/v) of ACN/0.1% TFA (Figure S1) as
extraction solvent.

Typical chromatograms of the '*N labeled azo dye are shown
in Figure S2. The eluent gradient for chromatographic
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separation was optimized to ensure a chromatographic
resolution of the azo dye signal that allows for a reliable use
of the automatic integration tool provided in the Chemstation
software, while maintaining short overall run times (<20 min).
The retention time of the azo dye was 2.8 min.

Method Blanks and Calibration. Method blanks for
calibration purposes were obtained by applying the derivatiza-
tion and SPE procedure as discussed in the Experimental
Section without adding sodium nitrite. The method blanks
therefore include all relevant factors that could affect the azo
dye concentrations, e.g. exposure to ambient air, impurities in
water and reagents, SPE column, matrix effects, measurement
artifacts, and HPLC-MS background signal. The average (n =
3) concentrations of the method blanks detected during the
method development were 0.11 uM (corresponding to ~0.4
ppb HONO in the gas-phase for the experimental setup
described above). The detection limit was found to be 0.078
UM (36 method).

A calibration curve for unlabeled aqueous sodium nitrite
solution with concentrations ranging from 0 to 19 uM is shown
in Figure 1. The error bars represent the standard deviation of

6000 0.5
y=320.15x o4
R?=0.9973
~ 4000 =]
)
< H03 S
£ =
< 2000 y=0.19exp(-1.51x) + 0.25 102 &
3 R’ =0.9768 N
o £
- 01
0 ' 1 ! 0.0
0 5 10 15

Nitrite Concentration (uM)

Figure 1. Calibration curve for unlabeled nitrous acid and
concentration dependence of m/z ratio 371/370. Open circles
(black) represent the S40 nm signal peak area (mAU) of azo dye
for different nitrite concentrations. Open diamonds (blue) correspond
to the m/z ratio of 371/370. Error bars denote the standard deviation
(n=3).

three calibration curves obtained on a monthly basis. The
values agree within 5% of the peak area, thus proving the
reproducibility of sample preparation and analysis. The nitrite
calibration range corresponds to a HONO gas-phase mixing
ratios range of 0—200 ppb measured with the LOPAP.
Despite the good linearity of the concentration calibration, a
dependence of the ratio of the signal areas of the EICs of m/z
371 and m/z 370 (termed m/z ratio 371/370 hereafter, which
is used to calculate yw(*N) in eq 2) from the azo dye
concentration was observed (Figure 1). The m/z ratio 371/370
decreased from 0.41 to 0.27 with nitrite concentrations
increasing from 0.09 uM to 1.81 yM and remained nearly
stable at higher concentrations. The lowest observed ratio was
0.23, which is close to the theoretical value of 0.22. A similar
behavior was observed for the determination of '*N abundance
in ammonium, nitrite, and nitrate by the SPINMAS method,
which was attributed to contaminations by atmospheric N, for
low total N-amounts.** In our method, a positive linear
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relationship (R* = 0.97) was found between the m/z ratio 371/
370 and the percentage of blank concentration in total nitrite
concentration (Figure S3). This suggests that the over-
estimation of the m/z ratio 371/370 was caused by the method
blank at low nitrite concentrations (<1.81 gM). However, as
long as the nitrite concentration was above this threshold value,
the observed ratio was close to the theoretical value (Figure
S3). Hence, the threshold amount of N injected was found to
be 2.03 ng (in 80 uL injection volume). This value corresponds
to ~5 ppb HONO in the gas-phase measured by the LOPAP.

Figure 2 shows the average w('*N) of the calibration curve
for four different dye concentrations above the threshold (1.81,

1.0
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Figure 2. Correlation (y = 0.7624x + 1.2238) between w('’N) of
calibration standards and measurements by HPLC-MS. Shown are
mean values and standard deviations for the analysis of four isotope
ratio calibration curves at different dye concentrations (see text). The
blue lines show the upper and lower confidence bands (+95%).

4.53,9.06, and 18.1 uM). The calibration curve of the y("*N) is
linear (R* = 0.9994) but has an optimum range as can be seen
from the +95% confidence bands. The relative standard
deviation of the w("*N) is <4% between w("*N) = 0.2 and
0.5, while it increases to ~10% and ~100% with the y('’N)
increasing to 0.98 or decreasing to 0, respectively. Therefore,
the highest accuracy for deriving the y('’N) is obtained within
the range of 0.2—0.5.

Notably, the slope of the calibration curve is <1 (0.76). This
could be caused by the observed background signal at m/z 370,
e.g, in the method blanks. A similar deviation from the 1:1 line
was observed in a study of *C labeled fatty acids analyzed by
HPLC-API-MS.* To test for the influence of the mass
resolution of the instrument on the w(**N) analysis, a series of
N labeled calibration standards (w('’N) range from 0—0.49
with a concentration of 0.91 M) was analyzed using a nano
high performance liquid chromatography coupled to quadruple
Time-of-Flight mass spectrometry (nanoHPLC-nanoESI-
QToF) instrument (mass resolution ~20,000, see the
Supporting Information for more details). Using this instru-
ment, the slope of the y/(**N) calibration curve was found to be
0.8855 (Figure S4). Apparently, less background signal
intensity due to higher mass resolution could partly eliminate
the cause for the low slope. However, for the proposed
application to soil experiments, the results from the low
resolution HPLC-MS system were found to be sufficient.
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Potential Interferences. Due to the concentration
dependency of m/z ratio 371/370, factors that might influence
nitrite or dye concentration will affect analysis of the y('*N). It
was reported previously that the absorbance of the azo 4dg'e at
540 nm attained its maximum intensity within 2 min.*** We
investigated the influence of storage time and temperature on
azo dye concentration and its m/z ratio 371/370. The azo dye
concentration was found to decrease linearly with time
independent of its concentration (Figure SS). Sample storage
at 4 °C reduced the concentration decrease over time by a
factor ~2 compared to storage at room temperature (RT). For
this study, samples were analyzed on the same or the following
day of the soil experiments. More importantly, the m/z ratio
371/370 of the dye was found to be unaffected by its
decomposition (Figure SS).

Potential interferences from matrix effects were also
investigated. The LOPAP reaction solution contains consid-
erably high concentration of SA (58 mM) and NED (0.39
mM). While SA is supposed to be relatively stable, NED is
subject to decomposition under irradiated conditions. Hence,
samples of 2 mL of 0.39 mM NED solution were exposed to
sunlight for 0, 1, S, 10, 30, and 60 min, respectively, and then
analyzed by HPLC-MS with and without addition of 2 mL of
0.91 uM azo dye solution. The results showed that neither the
azo dye signal area nor its y('*N) was affected by the NED
matrix (Table S1).

Application to Soil Experiments. Figure 3 shows
calculated HONO and NO fluxes as well as w('N) of
HONO emitted during soil measurements conducted with and
without fertilizing with '*N labeled urea. The corresponding
HONO mixing ratios in the gas-phase were ~7 and ~10 ppb
for unfertilized and fertilized soil, respectively, and thus higher
than the threshold value of ~5 ppb. The w("*N) values in
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Figure 3. Application of the method to soil measurements. Fluxes of
HONO and NO with spiking of "*N labeled urea (solid orange and
green line, respectively) and without spiking of "N labeled urea
(dotted orange and green line, respectively). Error bars of HONO and
NO fluxes were omitted for clarity, but in general the relative errors
determined by error propagation were within 10% of the flux. The
w("*N) of HONO caused by fertilizing (blue filled stars, difference
between the y('’N) of fertilized and unfertilized sample) were
measured during the dry-out of the soil samples. Error bars are #95%
confidence intervals of the y('*N) based on the calibration curve in
Figure 3. Means marked by different lowercase letters (a and b, see
text) are significantly different from each other at P < 0.05 according
to the ANOVA ¢ test (n = 3).
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Figure 3 were corrected for the w('’N) values of the
unfertilized sample. Compared to the unfertilized soil sample,
the optimum fluxes of HONO and NO increased from ~15
and ~19 nmol m™ s™" to ~20 and ~24 nmol m™ s™" for the
fertilized soil sample, respectively. The hydrolysis of urea to
ammonia or ammonium by ammonia-oxidizing bacteria or
archaea®™* and the subsequent emission of HONO and NO
through nitrification’®*®*" are potentially responsible for the
increased fluxes. This finding is supported by measurements of
soil nutrients (ammonium, nitrite, and nitrate), which increased
by a factor of 12 for ammonium, a factor of 2 for nitrite, while
not significantly for nitrate after the soil measurement with the
addition of labeled urea (Table S2). This conversion is
indicative for microbial processes.52 The y('*N) of HONO
caused by fertilizing was in the range of 0.41—0.5 during the
soil measurements. Statistical analysis showed that the y('*N)
values of the emitted HONO, that were measured at SWC
below the optimum emission (labeled with b), were
significantly higher than the w('N) values close to the
optimum emission flux (labeled with a). However, from the
AVONA t test no significant difference among the w('°N)
values labeled with b was found. The change of the y('*N) of
the emitted HONO during the dry-out of the soil samples can
be explained by the depletion of natural nutrient pools over
time, increasing microbial activity, or by various sources of
HONO emission from soils (AOB combined with chemical
equilibrium). The y("*N) of the optimum HONO flux caused
by fertilizing was ~0.42 and, thus, comparable to the increase of
the optimum HONO flux from unfertilized to fertilized soil
samples (~38%). These results confirm biogenic HONO
emissions from soil,'® which significantly influence the
oxidation capacity of the atmosphere.

In conclusion, the presented "N tracer method provides a
new opportunity to study the processes of HONO emission
from soils. In the optimal working range of y("*N) = 0.2—0.5,
the relative standard deviation of w('SN) is <4%, which is
comparable to other 'SN tracer studies.>"**** Future
investigations should focus on the improvement of the
precision of the method, which includes decreasing the
injection threshold to detect the y('*N) by HPLC-MS. Due
to the limitations of our method, the measurement of natural
N isotope abundances of atmospheric HONO is not possible
up to now. Future developments may use nitrogen-free
derivatization agents, a high resolution mass spectrometer, or
laser techniques to investigate the natural "N distribution of
HONO. The method could potentially be applied for tracer
studies in other research fields, such as atmospheric chemistry
(e.g, ozone formation from HONO and photolysis of labeled
HNO,), ecohydrology (e.g, refs S5 and $6), and wastewater
treatment studies (e.g., potentil HONO release during
nitrogen and phosphorus removal from ammonium-rich
wastewater).

B ASSOCIATED CONTENT

© Supporting Information

Information on the nanoHPLC-nanoESI-QToF setup, typical
HPLC-MS chromatograms, the w('*N) of calibration curve
measured by nanoHPLC-nanoESI-QToF, the effects of
solvents, blank concentrations, storage time and temperature,
and matrix on the azo dye concentration and its y("*N), and
the nutrient content before and after measurements; Figures
S1-SS and Tables S1 and S2. This material is available free of
charge via the Internet at http://pubs.acs.org.
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Appendix B

MANUSCRIPT TEXT

nanoHPLC-nanoESI-QToF analysis of w(lsN)

In addition to the analysis of (;/('5 N) using the HPLC-DAD-ESI-MS system described in the
main text, the w("°N) of the azo dye was also investigated using a nanoHPLC-nanoESI-QToF
system (Agilent Technologies, USA). The system consisted of a nano pump (G2226A, Agilent)
with 4-channel micro-vacuum degasser (G1379B, Agilent), a microfluidic chip cube (G4240-
64000, Agilent) interfaced to a Q-ToF mass spectrometer (6520, Agilent; nominal mass
resolution 20000 at a scan rate of 5 s™'), a capillary pump (G1376A, Agilent) with degasser
(G1379B, Agilent), and an autosampler with thermostat (G1377A, Agilent). The injection
volume of 0.4 pL was transferred from the autosampler to the chip cube interface by the
capillary pump operated at a flow rate of 4 pLL min"' with 0.1% formic acid in water as the eluent.
Enrichment column (9 mm, 160 nL) and analytical column (150 mm x 75 pum) share 5 um
Zorbax 300SB-C18 particles and are located on the chip (G4240-62010, Agilent). Nano pump
eluents were 0.1% formic acid in water with 3% acetonitrile (eluent A) and acetonitrile with 3%
of 0.1% formic acid in water (eluent B). Chromatographic separation was performed using a
gradient elution starting at 3% B for 3 min, linearly increasing to 90% B in the next 17 min,
maintaining 90% B for 4 min and flushing back to 3% B in 1 min. The MS QTOoF settings were
as follows: dry gas temperature 325 °C, dry gas flow rate 5 L min™, Capillary potential 1900 V,
acquisition in positive ion polarity MS mode (4 GHz, HiRes) with a mass range of 100 - 500 m/z.

Each chromatographic run was repeated three times.
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Figure S1. The effect of different solvents on the peak area signal (DAD) of the extracted azo
dye. The concentration of the unlabeled dye was 4.53 uM. The solvents S1, S2, S3 and S4 were
2 mL 70/30 (v/v) of acetonitrile (ACN) / 0.1% (v/v) trifluoroacetic acid in water (TFA), 2 mL
75125 (v/v) of ACN/0.1% TFA, 1 mL 70/30 (v/v) of ACN /0.1% TFA + 1 mL 0.1% TFA and 2

mL 35/65 (v/v) of ACN/0.1% TFA, respectively.
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Figure S2. Typical HPLC-MS chromatograms of the 98% BN labeled azo dye with a

concentration of 9 pM. The upper panel shows the UV/vis signal of the azo dye at its maximum

absorption wavelength of 540 nm. The lower panel shows the extracted ion chromatograms (EIC)

of m/z 370, m/z 371, m/z 372 and m/z 373.
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Figure S3. Correlation between percentage of blank concentration in total nitrite concentration
(%) and m/z ratio 371/370. Shown are mean values and standard deviations at different dye
concentrations (0 - 19 uM). The green dashed line shows the theoretical value of m/z ratio

371/370, obtained using an online Isotope Distribution Calculator:

http://www.sisweb.com/mstools/isotope.htm.
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Figure S4. Correlation (y = 0.8855x + 0.1334) between w('°N) of calibration standards and

measured values by nanoHPLC-nanoESI-QToF. Shown are mean values and standard deviations

of three replicates at a dye concentration of 0.91 uM.
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Figure S5. The effects of storage temperature and time on of the relative peak area
(PA(DAD)«/PA(DAD)-) and m/z ratio 371/370 of the 0% labeled and 49% labeled azo dye.
The dye solutions with concentrations of 0.91 and 9.06 uM (red line) were stored at room
temperature (RT), while the dye solution with a concentration of 4.53 uM was stored at 4 °C
(green line) before being analyzed by HPLC-MS. Error bars show the standard deviation of the

mean (n = 3).
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72 Table S1. The matrix effect of N-(1- naphthyl)-ethylenediamine dihydrochloride (NED) on the
73 540 nm signal peak area of azo dye and its w(°N). The NED solution samples were exposed to
74 sunlight from 0 to 60 min. Means followed by the same lowercase letters are not significantly

75  different at P < 0.05 according to the ANOVA t-test (n = 3).

Exposure Time Peak Area of NED  Peak Area of Azo Dye
w(°N)
(min) (mAU) (mAU)
0 13675 1418 +1.6a 0.77£0.01 a
1 13426 1412+16a 0.77+0.01 a
5 13361 1403+15a 0.76 £0.01 a
10 13047 1406 +13a 0.76 £0.01 a
30 11479 139.6 £0.7 a 0.74£0.01 a
60 8357 143 +0.8 a 0.76 £0.02 a

76
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Table S2. The nutrient content before and after the soil experiments.

77
NH,"-N NO>-N NO;3-N
Soil Sample
mg kg

Before Measurement 1.4 0.27 6.8

After Measurement (unfertilized) 2.1 0.75 8.7

After Measurement (fertilized) 25.3 1.57 9.2
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Abstract

Recent studies showed that nitrous acid (HONO) lsanemitted by soils in significant
amounts. The microbial and chemical processesiimesaling to the release of HONO have a
considerable influence on the chemistry of the loweposphere. Recent field experiments
found bidirectional fluxes of HONO from the groursdirface, but up to now only one
laboratory study investigated bidirectional fluxasHONO. In this study, we used a dynamic
chamber system to determine the bidirectional HidtHONO by exposing each of six soil
samples collected in the field to two different HONmixing ratios. We observed
bidirectional fluxes for all samples. HONO fluxegemn found to be constant with increasing
soil layer thickness and, thus, we discuss theiegtpn of the compensation point concept.
Due to the various processes involved in emissiuh @ptake of HONO, we introduce the
“ecosystem specific compensation mixing ratio of N, ycomp Which is a function of the
soil water content. We observegghmp to be in a range of 0.09 — 239.9 ppb. During our
experiments we found uptake of HONO that is subsety followed by a strong release
when HONO free air was applied. Our results suppadcent finding that adsorbed HONO
during nighttime can strongly contribute to its tlaaye release and, hence, might explain part
of the missing daytime source. We identified formgesses in soils, which are responsible for
the release and uptake of HONO. These processgmdrening of HONO between gas and
liquid phase, bacterial formation from hydroxylami(NH,OH), adsorption and desorption,
which are all phyisco-chemical processes. We st tontribution in a conceptual model

as a function of the soil water content.

1. Introduction

The cycling of reactive nitrogen (Nin soil is mainly driven by nitrification and

denitrification, which both are carried out by @ (Meixner and Yang, 2006). It is well
known that during both processes the trace gadgs okide (NO) (Pilegaard, 2013) and
nitrous oxide (NO) (Bouwman et al., 2013) are produced and emiibethe atmosphere.

About 20% of the global NO release can be attrithtivesoil emissions (Stocker et al., 2013).
Hence, the factors controlling this process wereestigated in detail previously. The
production and destruction of tropospheric ozong),(@ pollutant hazardous to plants
(Lamaud et al., 2009) and humans (Uysal and Schap@03), is driven by NO and volatile
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organic compounds (VOC) (Crutzen and Lelieveld, J0hence, soils can have severe
effects on atmospheric chemistry and human health.

It was recently shown that emission fluxes of nis@cid (HONO)from arid and arable soils
can be in the same order of magnitude as thos®of®$wald et al., 2013). The photolysis of
HONO during daytime produces NO and OH, the majedant of the atmosphere (Lammel
and Cape, 1996). Consequently, HONO has a strofigente on the reactivity of the
atmosphere and was recently shown to have a ggnffiinfluence on cloud formation
(Elshorbany et al., 2014). This additional “souro&’NO from HONO emitted by soil might
explain the discrepancy between the soilkNIO and NQ) emission determined with global
models and satellite-based approaches (Oswald,e2Cl3). HONO formed in soil can be
released or taken up from the partitioning of nis@cid between the soil solution and the gas
phase, which is formed from soil nitrite (Su et @011) and by ammonia-oxidizing bacteria
(AOB) via the intermediate hydroxylamine (Ermelakt 2014). Several recent field studies
suggested that HONO fluxes from soil are bidirewio(Twigg et al., 2011;Wong et al.,
2012;VandenBoer et al., 2013).

Recent laboratory studies showed that soil caneida@et as a sink for HONO (Donaldson et
al., 2014;0swald, 2014). Donaldson et al. (2014ted a flow tube reactor with dry soil and
investigated the uptake coefficient of HONO as ltesiua heterogeneous reaction at different
relative humidity and HONO mixing ratios. In corgta(Oswald, 2014) studied the uptake of
HONO on soil in a laboratory dynamic chamber sysésna function of the soil water content
(SWC) and used the production and consumption ginedich has been applied for soil-air
exchange of NO and other trace gases for many deciRemde et al., 1989;Feig et al.,
2008;Behrendt et al., 2014). However, the preretgufsr the application of this concept is
that production and consumption of the trace gasiro the same soil layer (Conrad, 1994).
In this case, the net release rate (J) of NO orahgr trace gas determined with a dynamic

chamber system is a function of production (P) @emtsumption (U):

] = < (Xout — Xin) (1)

MsoitVm

J=P-U (@)
where J (nmol K§ s*) is calculated from the purging flow Q (m¥)sthe mixing ratio of the
trace gas at the inlgt, and at the outlet,,: of the chamber (ppb), the mass of the soil (kg)
and the molar volume of air,V(m3 mol') (Pape et al., 2008;Behrendt et al., 2014). An
important parameter is the compensation mixingorgtmp at which the production and

consumption equal each other (Behrendt et al., FHmde et al., 1989;Conrad, 1994). It can
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be calculated from a set of two experiments wiffedeént inlet mixing ratios of the trace gas
(Breuninger et al., 2012;Behrendt et al., 2014):

_ Xout,1
Xcomp - 1_Xout,2—)(0ut,1 (3)
Xin2"Xin,1

where indices 1 and 2 refer to the two experimamd y;,» > xin1. In contrast to NO, for
which a constant compensation mixing ratio forQAlVC was found (Behrendt et al., 2014),
Oswald (2014) showed that the HONO mixing ratio pemsation point is a function of
SWC. This implies that, although their productiangesses are strongly related (Oswald et
al., 2013), different consumption mechanisms for &@d HONO exist.

To investigate this further, we measured HONO awmilexchange fluxes for different soll
samples with a laboratory dynamic chamber systamth&rmore, one selected soil sample
was studied intensively by exposing it to h diffareHONO mixing ratios, and by
investigating this effect on bidirectional HONO xks. We provide a detailed discussion on
the applicability of the compensation point conciegptHONO and resolve major drawbacks

of the classic concept.

2. Materials and Methods

2.1 Soil samples

The soil samples were taken from the upper sodrg9-5 cm). HONO release of samples S2
and S3 was previously investigated by Oswald et(2013). Sample S5 was intensively
investigated by Su et al. (2011);0Oswald et al. @M@rmel et al. (2014);0Oswald et al.
(2014a). HONO emission from Sample S1 was invegthhy Oswald et al. (2014b).
Samples S1 (Boreal forest, Hyytiala, Finland, 6684 24.295°E) was sieved to 16 mm
instead of 2 mm after sampling, due to the higlaoigcontent (Bargsten et al., 2010).
Samples S2 (eucalyptus forest, Grose Valley, Alisir83.61°S, 150.63°E), S3 (pasture,
Hawkesbury River flood plain, Australia, 33.57°$0177°E), and S5 (wheat field, Mainz-
Finthen, Germany, 49.97°N, 8.16°E;) were dried(at@ for 24 h, sieved to 2 mm and stored
at 4 °C in open plastic bags before measurement.

Samples S4 (White millet field, Rajasthan, Indi&,0Z°N, 73.65°E) and S6 (Sugar cane,
Punjab, India, 30.65°N, 76.55°E) were collected. dilye samples were sieved to 2 mm and

stored at 4°C in open plastic bags until measurémen
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Standard DIN and ISO procedures were used to dearze the chemical and physical
properties of the soil samples: bulk pH of soil wasasured according to ISO 10390, nitrite,
nitrate and ammonium according to ISO/TS 14256e%s lon ignition according to DIN

19684-3 (Blume et al., 2000). All soil extracts ei@repared with potassium chloride (KCI).

2.2 Experimental setup

The dynamic chamber setup used in this study istickE to one from Ermel et al. (2014),
except for adding the HONO source and the valverotiimg the HONO inlet mixing ratio.
The system consists of the chamber itself, a cosspekair purification system, an analyzer
system and a valve system. The chamber is coatedheflon (PFE) foil and has a volume of
0.008 m3. It was purged with 1-20n® s* of purified compressed air, further denoted as zer
air, which was obtained from a pure air generaB®AxG 003, EcoPhysics, Switzerland) and
was free of NQ (NO + NQy), O3, HONO, hydrocarbons and water vapor (dew pointC30
Before the compressed air entered the PAG, it waslped by a membrane dryer (Clearpoint
and Drypoint M, BEKO Deutschland GmbH, Germany) argosed to an UV lamp (OG-1,
Ultra-Violet Products Ltd, USA) to photolyse HONG@he air leaving the chamber was
analyzed by a differential 2@ and CQ analyzer (LI-7000, Li-Cor Biosciences GmbH,
Germany), which used zero air as reference. Fumibier, NQ was measured by a
chemiluminescence NO analyzer (CLD 780TR, ECOPHYSIGwitzerland; Limit of
Detection (LOQo) = 35 ppt), using a specific photolytic converter O, (Photolytoc NQ
converter, Air Quality Desogn, Inc., USA; LQB:= 120 ppt). An UV-absorption photometer
(Model 49c, Thermo Electron Corporation, USA; LG.5 pbb) was used to measurg O
Data of these instruments was acquired by a dajaloCR3000, Campbell Scientific, Inc.,
USA) every 60 s. A long path absorption photom@t@PAP, QUMA Elektronik & Analytik
GmbH, Germany; LOD= 5 ppt) (Kleffmann et al., 2002;Heland et al., 2D@ieasuring
HONO was directly connected to the chamber to aaoidfacts due to wall losses on long
tubing. HONO was produced from hydrochloric acidC{H37%, Sigma-Adlrich, Germany)
and potassium nitrite (KN£ cryst. for analysis, Merck KGaA, Germany) aftee method of
Febo et al. (1995) at a flow of 8.3®3 s*. In order to expose the soil samples to different
HONO mixing ratios during a single experiment,radicontrolled valve switched the HONO
flow into the chamber every 45 min. The entire dgitachamber system was placed in a

large temperature controlled cabinet (KB115, Bin@erbH, Germany).
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The NQ, and Q analyzer were calibrated with NO standard gasl(250.5 ppb NO, Linde,
Germany) and gas phase titration unit (Sonimix 6@xhmidlin, Switzerland), which has a
built-in O3 generator. A dew point generator (Li-610, Li-Cao&iences GmbH, Germany)
was used to calibrate the®l analyzer. The LOPAP was calibrated by using rdteistandard
solution (CertiPUR, B(N©®) = 999 15 mg/l, Merck KGaA, Germany).

2.3 Measurement procedure

The background signal of the LOPAP instrument wasemnined before and after the
measurement by introducing purified air directlythe inlet. The mixing ratios of HONO and
NO at the chamber inlef;n 2 Hono and yin2no, Were also determined prior and after the
experiment by flushing the empty chamber until ¢ans mixing ratios were achieved.
Continuous measurement of the HONO mixing rationfitthe HONO source during an entire
experiment showed that a linear function can bel usedescribe the HONO mixing ratio
change over time.

To conduct an experiment, a soil subsample of @@ homogeneously distributed in a petri
dish (100 x 20 mm, Duran Group, Germany) and wettedeach water holding capacity
(whc) (Oswald et al., 2013;Behrendt et al., 20T4e sample was then placed in the dynamic
chamber. Two different types of experiments weredcated. First, a standard experiment
was made with each subsample using only purified@iing the experimental coursg.§ =

0 ppb). Second, a discontinuous experiment was rdadeg which the HONO source was
activated via the time controlled valve, which siéd from HONO free air, 1 = 0 ppb) to
an elevated mixing ratio of HONQ@;{» = 14-125 ppb). After dry-out of the sample durihg
experiment the residual water content was detewmnioyg drying (105°C) until constant
weight was reached. For each BFE experiment twa dats were retrieved due to the
switching of the valve and, hence, measurementdigm@ntinuous over the whole SWC
range. We applied fit functions using mathematmatblels provided by the software ORIGIN
8.6G to fill in the missing data for further anasys

2.4 Calculations

2.4.1 Soil water content

The described measurement setup does not allowrfiane measurements of any quantity
used to describe the water content of the soil. él@n, the gravimetric soil moisture before

and after the measurement can be easily measuhedlo$s of water during the experiment
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can be calculated by the water released as waperuvawhich is measured at the chamber

exit. According to Bargsten et al. (2010), the graatric soil moisture can be calculated:

[T prat @)

0,(t) = 6,(Whe) — By (tpay) - ff“tRH'dt
With 04(t) (%) the gravimetric water content at time t iJnibg(whc) the gravimetric water
content at water holding capacity,.f is the total experiment time and RH is the rekativ
humidity.

For further discussion and comparison of diffemoits, which feature differemy(whc), it is
more suitable to use the soil water content (SWipressed as % of whc (for details see

Oswald et al. (2014a):

8y 100

SWC = 5, GEWHD) (5)

2.4.2 Net flux

Net fluxes F (nmol /i s*) of HONO and NO are calculated as:
F= ﬁ (Xout — Xin) (6)
where A is the surface area of the petri dish (M3)the molar volume of air, Q the purging

air flow rate (m3 8), yn the inlet andy,, the outlet mixing ratio. Errors were calculated
according to Gaussian error propagation (Ermel. e2@14).

2.4.3 Compensation mixing ratio

The compensation mixing ratigomp for soil measured at two different values far was
calculated according to eq. (3). In a graph wjthas abscissa ang.:as ordinate, a linear
regression can be used to calcujgtep

Xout,2—Xout,1
_ Xout2=Xout, 7
m Xin2~Xin,1 ( )
and
b = Xout (8)
resulting in
Xcomp = 1-m 9)

The error ofycompis then derived from the error of m and b:

Mcomp = J (ﬁAb)z + (2 Am)2 (10)
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3. Results

The soil samples S1 — S6 cover a wide range odreifit soil properties like pH, nutrients and
loss on ignition (LOI) (Tab. 1).

Table 1: Summary of soil properties: pH, nutriehS) and whc of soil samples S1 — S6 (see
Sect. 2.3). Values marked with * are below the tiwfi detection (LOD) and the LOD is

shown.

Sample | pH | N-NH;7 [N-NO; [ N-NO; [ whc | LOI
mg kg | mg kg® | mg kg" | kg kg® | %
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 54| 2.9 0.15* 17.5 62.7 3.5
S4 7.1 3.0 2.00 1.9* 294 1.0
S5 7.2| 181 | 1.00| 77.7] 633 5.2
S6 72| 54 0.09 1.9* 254 1.4

3.1 Net flux angtcomp

Applying a mixing ratio of HONO of 0 ppb at the chiaer inlety;, 1 during the discontinuous
experiment (Fig. 1) causes only very low, but me&dy constant emissions at high SWC and
high emission at low SWC for soil sample S5. Thpirmaum curve of the HONO release from
soil was recently described in several studies @s$wt al., 2013;Ermel et al., 2014;0swald
et al., 2014a). A similar pattern can be found mtetevated HONO mixing ratio at the
chamber inletyn2 = 14 ppb (Fig. 1). However, the slope of the Impart at high SWC is
different from the slope at 0 ppb.the SWC range from 33 to 100 % of whg,: 2 is below
the inlet mixing ratioy, 2, which implies an uptake of HONO by the soil. Cemsently, net
emission of HONO from the soil was found at low S\\0G- 32 % of whc).
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Figure 1: Mixing ratios of HONO during a discontous experiment with S5. HONO inlet
mixing ratioy;, was controlled by a valve (see text). The inleting ratio of HONOy;, 1 was

0 ppb. The inlet mixing ratig, » provided by the HONO source is shown as a cyaored|
solid line. Orange and brown dots represent thesared mixing ratios of HONGQ,,; 1 and
Yout.2 Fespectively. The fit functions (see section 212 shown as solid lines of the respective
color. An optimum function was used to model theximal emission at optimum SWC and a
linear function was applied to the lower emissi@tshigher SWC. Error bars denote the
measurement uncertainty of the LOPAP instrumen(16 2c).

However, during subsequent discontinuous experisnesing higher values fog, ., we
found thaty,, 1 varies withy;,» at HONO inlet mixing ratios of O ppb (Fig. 2). Sheffect
causes (a) different shapes of the optimum emissioues, (b) a different pattern of the
constant emission at higher SWC and (c) differegit ftuxes. Additionally, a near-linear
relationship betweegy,: 1 andyn 2 was found for different soil moistures (not showsgr this
reason, we decided to use thg: 1 from the standard experiment with purified g { = O
ppb, see section 2.3) to calculate net fluxes #&swta determine compensation mixing ratios.
A detailed discussion about the unexpected variat y,.1 will be presented in the

following sections.
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Figure 2: HONO outlet mixing ratig.:1 at O ppb inlet mixing ratio of soil sample S5 dhgri
switching of the valve to elevated inlet mixingioatof HONOvyj, . = 14 ppb (red), 70 ppb
(blue) and 125 ppb (green). Error bars denote teasorement uncertainty of the LOPAP
instrument (10 % + 8).

The net flux of HONO {HONO) from soil sample S5 at an ambient HONO ngxiatio of

14 ppb (Fig. 2), was calculated according to eguatt). Net deposition of HONO to the soill
Is indicated by negative fluxes,(HONO) at high SWC, while HONO net emission is
indicated by positive FHONO) . Atyin1 = 0 ppb K(HONO) is always positive. Hence, the
direction and magnitude of the HONO net flux deead the ambient HONO mixing ratio,
which has been frequently observed for other tgases such as e.g., NO (Behrendt et al.,
2014), CH (Seiler et al., 1983) and,® (Chapuis-Lardy et al., 2007).
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Figure 3: The net fluxes;fHONO) foryin.1 = 0 ppb and ¥FHONO) for yin» = 14 ppb of soll
sample S5 are shown as a function of the soil wedetent. The error bars represent the

uncertainty derived from Gaussian error propagation

At SWC values of ~32 % of whc,fHONO) is about 0 nmol i s, thus emission
(production) and uptake (consumption) compensateh ezther. According to classical
microbial theory, the corresponding ambient mixmagjo is called the compensation point
(Conrad, 1994). As discussed in detail in Sect, we will use the term “ecosystem specific
compensation mixing ratio” instead of compensatmmnt mixing ratio ycomp The four
mixing ratios,yin 1, Xin,2, Xout,1 aNdyout2, @and equations (7) — (9) can be used to calcylaig
for the entire SWC range (Fig. 4). Similardge: andyjn,2, xcompShows an optimum curve with

a maximum at lower SWC and a near-linear decreasgarts higher SWC.
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Figure 4: The ecosystem specific compensation mixatioy.omp Of Soil sample S5 foyin > =
14 ppb is shown as a function of the soil waterteon The error bars gf.omp 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 preesshe net flux of a trace gas from soil can
vary with increasing soil layer thickness. We imigeted the relationship betweeg(lFONO)
and the soil layer thickness of S5 (Fig. 5). Theglas were analysed at 100 % of whc and
F2(NO) was measured as a reference, since the sakenange of NO is well characterized.
The error ofy, andy.u,: was obtained from the standard deviation of 1@ getints, which
equal 10 min of measurement. The net fluxes of HGIXN® NO are both negative and, hence,
only net deposition was observedyatz(HONO) = 28 ppb ang;,2(NO) = 43 ppb (Fig. 5).
F,(HONO) and K(NO) appear to be constant with increasing soietathickness (2 — 40

mm).
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Figure 5: Net fluxes of HONO (orange diamonds) At (green circles) as a function of soil
layer thickness. Soil sample S5 was wetted to reduhand exposed to inlet mixing ratios of
xin2(HONO) = 28 ppb andg;,2(NO) = 43 ppb. The error bars of the net flux repré the

uncertainty derived from Gaussian error propagation

The experiment was repeated for S5 at low SWC gaf88VC < 1 %, Fig. 6). Inlet mixing
ratios werey, 2(HONO) = 25 ppb anghi, 2(NO) = 49 ppb. Repeatedly,(HONO) is negative
for all soil layer thickness. However, the uptakereases with increasing thickness of the soill
layer up to 21 mm, but remained constant up to 49 mhich is the maximal possible layer

thickness in the used measurement setup. In contn@snet NO flux changed from uptake

within the first 10 mm to emission with increasiager depth.
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Figure 6: Net fluxes FHONO) (orange diamonds) and(RO) (green circles) as a function
of soil layer thickness. Dry soil samples (SWC %)of S5 were investigated at inlet mixing
ratios ofyn 2(HONO) = 25 ppb angi, 2(NO) = 48 ppb. The error bars of the net flux repre

the uncertainty derived from Gaussian error propaga

3.3 Net fluxes for different,

The discontinuous experiment was repeated for ssoiiple S5 at differeng, (HONO) of

14 ppb, 70 ppb and 125 ppb. The net fluxes deffingad the measurements wigh 2(HONO)

= 14 ppb and 70 ppb show a comparable pattern Tlrignd afyn 2(HONO) = 70 ppb the soil

is nearly a complete sink for HONO. The kink is{HFONO) aty;, 2(HONO) = 70 ppb can be
attributed to the merging of the fit functions. Bnapletely different pattern for the net flux is
found fory;, 2(HONO) = 125 ppb, which exhibits a net depositioaximum at 25 % of whc.
This is the only experiment with » > xcomp Over the whole SWC range. The HONO emission

optimum might be masked by the dominance of adsorpt
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Figure 7: Net fluxes FHONO) of soil sample S5 at different inlet mixingtios of HONO
yin2= 14 ppb (red), 70 ppb (blue) and 125 ppb (greEmé. error bars of the net flux represent
the uncertainty derived from Gaussian error propaga

From the three sets of experiments withp(HONO) = 14 ppb, 70 ppb and 125 ppb, we
calculated the ecosystem specific compensationngisatioycomp Usingyin1 = 0 ppb from the
standard experiment (Fig. 8). All three experimestiew a strong overlap igomp for the
SWC range from 60% of whc to 100% of whc. This, beer, leads tqcomp Which is much
smaller than HONO*. The experiments wjth2(HONO) = 70 ppb and 125 ppb show a good
agreement ifycomp from 33 % to 100 % of whc. The ecosystem speciimpensation mixing
ratio foryn 2(HONO) = 14 ppb is higher at soil moistures betwd8r? and 50 % of whc. At
lower SWC, where the emission occurs, valueggfp differ strongly in magnitude and
shape from each other, although experiments with= 14 ppb and 70 ppb show a better

overall agreement igeomp
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Figure 8: The ecosystem specific compensation rgiratioy.omp Of Soil sample S5. The inlet
mixing ratios of HONO are;,1 = 0 ppb (standard experimeng, .= 14 ppb (red), 70 ppb
(blue) and 125 ppb (green). The HONO gas phasdilmguin mixing ratio HONO* (pink

triangles) was calculated according to Su et &112. The error bars gfomp represent the

uncertainty derived from Gaussian error propagation
3.4 Net fluxes angompfor different soils

A comparison of investigated net fluxes of HONO fioe six different soil samples used in
this study is not straightforward becayge was different for each experiment. Hence, we
use the ecosystem specific compensation peipt to compare the six samples. Singgnp
varies with soil moisture we will use the three m@m®minent points of the curve to compare
Ycomp These are (1) at water holding capaciyforipwnd, (2) at the emission optimum
(Xcomp,Fop) @nd (3) at dry conditiongdomp,ary (Table 2).



B4. Ermel et al, BGD to be submitted, 2014

Table 2: Summary of the optimum net flux and ectmsysspecific compensation mixing
ratios of soil samples S1 — S6 based on experinveititsy;, 1 = O ppb (standard experiment)
and the shownin 2. For each soil samplgomp is shown at water holding capacitdnp,whd.

at optimum emissionyfomp,rop) @and under dry conditiongmp.ay). Samples S4 and S6 were

investigated with one discontinuous experiment.

Soil sample xin,2. Fopt Acomp, whe Acomp, Fopt Acomp, dry
ppb nmol nf s* | ppb ppb ppb

S1 157.1 0.243 1.6P+0.38| 159 | £0.87 | 0.09| +0.08
S2 9.5 0.324 1.42+£0.13| 153 | £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 0.0+ 0.01| 239.9| £22.7 | 8.12| +=1.91
S5 14.1 8.731 0.4+ 0.08| 53.02| £11.98/ 544 | £1.73
S6 168.2 4,554 1.2[/+0.1719.26 | £1.14 | 457 +0.69

The observed f5{HONO) for the soil samples are in good agreemaitit the findings of
Oswald, et al. (2013), taking land use type (S2rtand pH into account (Table 1). The
ecosystem specific compensation mixing ratisn, for soil samples S1 — S6 varies from the
low ppt range up to several hundred ppb. Highgsi, are found at f{HONO) for all soils,
which is caused by the strong microbial formatidrHONO. As this process appears to be
irreversible, high ambient mixing ratios are reqdito compensate this release by uptake
through adsorption or Henry’s law. Consequentlg, blest correlation between soil properties
andycomp Was found for the mixing ratio at the optimum flgsg: andycomp,Fopt @S the release
dominates over the uptake.

It is noteworthy, that some of thgomp values are below typical nighttime mixing ratids o
HONO (1 — 3 ppb) or even typical daytime mixinga@atof HONO (30 — 300 ppt) (Wong et
al., 2012;Li et al., 2012;Villena et al., 2011;Aclet al., 2006). For instance, soil sample S4
revealsycomp below 1 ppb for a SWE 35% of whc (Fig. 9). Hence, this soil will be myst
sink for HONO.
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Figure 9: The ecosystem specific compensation mixatio ycomp Of Soil sample S4 is below
1 ppb at SWC 35% of whc. The error bars @fomp represent the uncertainty derived from
Gaussian error propagation.
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3.5 Adsorption and desorption of HONO
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Figure 10: The mixing ratio of HONO at the chaméit for the standard experiment (orange
circles) is much lower than during a discontinu@xperiment with the switching valve
system (brown circles) for soil sample S1, altholngith are measured gt 1(HONO) =
0 ppb. The ratio between the additionally releas¢@NO during the discontinuous
experiment withyj, :(HONO) = 0 ppb and the HONO taken up by the soitirdy the
experiment withyn 2(HONO) = 157 ppb (red squares) varies with the SWi& error bars of
the mixing ratios of HONO denote the uncertaintyhef LOPAP instrument.

Soil sample S1 was measured with the standard iexgetr ¢, :(HONO) = 0 ppb )and with
the discontinuous experiment,((HONO) = 157 ppb). Figure 10 shows the difference
between the mixing ratios of HONO at the chambetebdor yn1 = O ppb from these two
experiments. During the standard experimgi{HONO) for S1 is in the range of a few ppt
(close to the detection limit). However, for theaintinuous experiment,: 1 is about three
order of magnitude higher. These findings are coalpa to the observed increaseygf 1 at
elevatedy;, » for soil sample S5 (Figure 2) and indicate thatNdiDcan be adsorbed by soll
and is subsequently released when lower ambienngvations prevail. We calculated the
ratio between the additionally released HONO (dygin. = 0 ppb) and the HONO adsorbed /
taken up by the soil (during,, = 157 ppb). This ratio is approaching unity witkcteasing

soil moisture.
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3.6 Elevated ambient HONO mixing ratios influen¢2 @éimission

The NO release from soil sample S1 was determingthgl a standard and discontinuous
experiment (Fig. 11). Very low NO emissions (fewt)pgere found during the standard
experiment.However, exposing the soil to elevat@NE@ mixing ratios in > = 140 ppb) led

to an optimum shaped emission of NO of up to 4.2 Mde calculated the ratio between the
additionally emitted NO and the HONO taken up bg foil. The ratio is a function of the
SWC and varies between 0 % and > 100 %. At SWCOWeb % of whc the uncertainties of
the ratio, which were derived by Gaussian erropagation, increase strongly because less
HONO was taken up. The difference between two H{BINO mixing ratios in the
denominator leads to errors that are larger thampdéssible maximum of 100 %.
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Figure 11: The mixing ratio of NO at the chambetletufor a standard experiment (light
green circles) is much lower than during the disicmous experiment (dark green circles) for
soil sample S1, although both are measureg,at 0 ppb HONO. The ratio between the
additionally released NO and the HONO taken up lwy $oil during the discontinuous
experiment (red squares) varies with SWC. The draos of the HONO mixing ratios denote
the uncertainty of the LOPAP instrument. For theNdiDto NO conversion every fifth error

bar derived from Gaussian error propagation is show
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4. Discussion

4.1 Bidirectional fluxes of HONO from soil

We investigated six soil samples with a laboratdg;mamic chamber system and found
distinct responses of HONO soil-air exchange to S&@ the ambient HONO mixing ratios.
Oswald (2014) reports bidirectional fluxes of HONOmM a pasture soil, which was exposed
to two different ambient HONO mixing ratios in tvgeparate experiments. Our results are in
general agreement with those findings and emphabzembiguous role of HONO fluxes
from soil. Our laboratory results support some médeld studies that reported bidirectional
HONO fluxes between ground surface and atmosph&redenBoer 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 tra@s gmplies the existence of the so called
compensation point (Conrad, 1994). This point, Wwhican be either expressed as
concentration or as mixing ratio, describes theiantbmixing ratio of a trace gas at which the
net flux is zero. Two prerequisites are vitally iontant for the application of this concept: (i)
production and consumption occur simultaneously @ndboth processes are located in the
same soil layer. According to these definitions @ynrad (1994), the concept is mainly
applicable to microbial production and consumppoocesses of trace gases, for instance CO,
Ha, N2O, NO, NQ and OCS.

Contrary, the production and consumption of HONQ@eiated to several different processes.
The partitioning of nitrous acid between gas phes® agueous phase within soils (Su et al.,
2011) is both depending on the nitrite concentratiothe soil solution and on the ambient
HONO mixing ratio. This partitioning by Henry’s lamight explain the strong uptake of
HONO at high SWC (Fig. 3). HONO formation from hggylamine (NBOH) released by
ammonia-oxidizing bacteria (Ermel et al., 2014y an indirect source of HONO, as a
reaction of NHOH on a surface at low SWC is necessary. This ggoiemainly responsible
for strong emissions of HONO in soils at neutral (Bswald et al., 2013). However, this
process is only a production term, as the revezaetion of HONO to NBDH is unlikely.
Uptake of HONO by deposition on soil particles msi@mportant consumption process in soil
(Donaldson et al., 2014). Up to now, only one lalbary study investigating this process was

performed and was limited to dry soil samples. @sorption of deposited HONO on soil
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was recently proposed as an additional source di@@nd might explain a large fraction of
the missing HONO daytime source (VandenBoer et2l13). This process might be the
result of the adsorption observed during our expents (see Sect. 3.5 and also Sect. 4.4).
Hence, bidirectional fluxes of HONO are controll®dat least four different processes. Since
many of these processes were discovered recentjtianal processes cannot be excluded.
For example, uptake of HONO by nitrite-oxidizingcbexia or release by ammonia-oxidizing
archaea might be possible. As all of the identifgdcesses are not of (direct) microbial
nature and are not necessarily occurring simultasigahe criterion (i) for the application of
the compensation point concept according to Co(ir@8g4) is not fulfilled.

We demonstrated that HONO net fluxes are constansdil sample S5 at 100 % whc for
increasing soil layer thickness (Fig. 5). This firglis essential to allow the application of the
dynamic chamber system (Remde et al., 1989). Udderconditions, we found constant
HONO net fluxes for a soil layer thickness aboven2@. This is likely related to adsorption
of HONO on dry soils (Donaldson et al., 2014). 8itize diffusion of HONO is higher at low
SWC for dry soils, deeper layers are better acbks$or gaseous HONO (Oswald et al.,
2014a) and have to be considered in contrast tedits at whc. Hence, the two experiments
show that uptake of HONO is related to at least different processes, namely partitioning
of HONO according to Henry’'s law and adsorptioH®NO. The uptake of HONO appears
to be constant for increasing thickness of the lsgiér. Under this assumption, prerequisite
(ii) is fulfilled. However, the relevant processas different SWC are not yet completely
understood and our experimental setup is restrittieal maximum soil layer thickness of
40 mm. Further studies on this subject with higgwl layer thickness are required.
Consequently, according to the definition by Con¢a894) the application of the classical
compensation point concept is not advisable. Howewe believe that it is still possible to
calculate a compensation mixing ratio with theiested data. The resulting compensation
mixing ratios of HONO, however, are not constanthwbWC as known for e.g., the
compensation point of NO (Behrendt et al., 20141@dn 1994;Remde et al., 1989).
Nevertheless, the significance of a variable cormpton mixing ratio has to be questioned.
For instance, the NO compensation mixing ratio meiteed for different soil samples is
usually comparable for a certain land use type. H@NO, however, the compensation
mixing ratio can vary by several orders of magretwdthin one experiment, e.g. S4 (Table 2
and Fig. 9). As the processes, underlying the estesyspecific compensation mixing ratio of
HONO, depend much on site specific conditions asitpoperties, the use of these values

for global upscaling is not recommended. Howeueappears to be a useful tool to improve
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the knowledge of the still not fully understooderah the biogeochemical nitrogen cycle and
the chemistry of HONO in the atmosphere. For ingtanhe compensation mixing ratio of
HONO could be determined for several soil samplasngd a field campaign. This would
clearly define the role of soil for the HONO excharfluxes at the measurement site and, if
SWC is also measured, it could help to interpreasnesd vertical profiles of HONO.

As noted above, the compensation mixing ratio ofN@Dcan vary strongly with SWC for
one soil sample. Therefore, we suggest using the &cosystem specific compensation
mixing ratio of HONO, as it exhibits a clear digtilon from the compensation point by the
definition of Conrad (1994).

4.3 Determination Ofcomp

For the calculation of the ecosystem specific camp&on mixing ratio of HONOycomp, it is
necessary to perform at least two experiments different HONO inlet mixing ratios. As
shown in Fig. 9, the resultingomp Strongly depends on the experimental conditionsh a1s
the inlet mixing ratioggn 2, in case a valve is used that switclgsluring the experiment. This
is a result of adsorption and subsequent desormifoRlONO (see Sect. 4.4), yielding
different results fof;, = O ppb for standard and discontinuous experintemtthis reason, we
recommend to use a standard and a discontinuowerigent to determine resultingomp
although this may introduce uncertainties due tassample variability. A valve for switching
between different HONO inlet mixing ratios is nexay to avoid accumulation of nitrite in
the soil and, hence, an alteration of soil nutsgmss nitrite is quickly transformed to other
forms of N. Since adsorption and desorption of HONO on sa@lreot fully understood yet,
switching of HONO mixing ratio should also be preéel as surface saturation effects cannot
be precluded yet.

It is possible to conduct a linear regression mheSWC out of several experiments, in order
to increase accuracy Ofcomp by the use of a larger data set from several iddai
experiments with different values fgp, .. The variation in the strength and shape of the
optimum emission, however, leads to large errorghic SWC range (see Fig. 8). It is likely,
that this problem can be attributed to subsamptebitity, which is well known for e.g. NO
flux measurements (Bargsten et al., 2010;Gelfanal.e2009;Laville et al., 2009;Yu et al.,
2010). This variability is usually associated wilfferences in the microbial activity and,
hence, also important soil parameters such as e ¢dbncentration. Behrendt et al. 2014
solved this problem by conducting all required ekpents on one subsample. Unfortunately,

this concept, which integrates the valve systerahasvn for the discontinuous experiments,
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needs an additional standard experiment for HON®.tke linear range of the deposition
(Fig. 12), the regression of data from several arpets with differenj;, will likely result in
more accurategomp HOwever, it needs to be considered that at léast processes are
involved in the resulting bidirectional HONO flugge Sect. 4.2) and none of them appears to
be sufficiently characterized to ensure a linedati@ship ofycomp to yin. We propose that
multiple experiments at two inlet mixing ratios ldONO, e.g., 0 ppb and 10 ppb should be
conducted for the determination @tmp We suggest 10 ppb HONO, as this is still reldgive
close to atmospheric conditions, but yields a latfierence between HONO taken up and
inlet mixing ratio. This results in comparably louncertainties from Gaussian error

propagation.
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Figure 12: The mixing ratio of HONg,,:1 as a function of the inlet mixing ratjg, > at soil
water contents 40% of whc (red diamonds), 60% af ¢gneen circles) and 80% of whc (blue

triangles). Error bars denote uncertainties ofLl@®AP instrument.

For the six measured soil samples only one comeldbr the investigateg.omp was found. It
has to be noted that for S4 and S6a standard exg@etricould not be conducted and, hence,
the desorption effect was not eliminated. Howewgenelationship between the optimum

emission of HONO and the ecosystem specific conmgigrs mixing ratio of HONO at the
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optimum emission was found (Tab.2 ). This indicateat the optimum emission is a non-
reversible process, as more HONO needs to be degasith increasing §{HONO) and,
hence, the release dominates over the uptake gesadur results support the recent findings
of bacterial HONO formation from hydroxylamine (Eghret al., 2014), which appears to be
irreversible.

Su et al. (2011) proposed HONO* as equilibrium plhaase mixing ratio of HONO, which is
derived from partitioning of HONO between gas amplitl phase. We calculated HONO*
and found thagcomp below HONO* for soil sample S5 (Fig. 8), while fother soil samples
HONO* was several orders of magnitude larger thamn, The discrepancy was especially
large for soil samples with low pH. However, HON@'sembles the shape @bmp at higher
SWC well. Hence, the release and uptake of HONQwbY soil might be explained the
concept of Su et al. (2011), which is based on fsraw. At lower SWCycomp is above the
calculated HONO*, indicating that a different presebecomes dominant. It has to be
considered, that the nitrite pool in soil is anemtediate in the fast transformation from
ammonia to nitrate and back (Russow et al., 200Bys, the nitrite concentration used to
determine HONO* might vary during the experimenthiehh would result in different
HONO*. Further studies with continuous monitorirfgsoil nitrite concentrations are required

to determine the contribution of soil nitrite to NO emission.
4.4 Adsorption and desorption of HONO

The adsorption of HONO on the soil surface has begported from field studies
(VandenBoer et al., 2013) and was also observeleraboratory (Donaldson et al., 2014).
At high ambient HONO mixing ratios we found net dsgion fluxes of HONO occurring in
the whole investigated SWC range (Fig. 7). Thusakg of HONO can occur by dry and wet
soil. The partitioning from soil nitrite (Su et,a2011) can only be considered at higher SWC,
as it is based on Henry's law, which implies “intfen dilution” (Henry, 1803;Smith and
Harvey, 2007). For dry soils, the competitive apgon of HONO and water described by
Donaldson et al. (2014) appears to be more reakonabis process, however, is strongly
depending on the relative humidity. Therefore,réf@esentativeness ghmp at low SWC has
to be questioned. As the humidity drops at the aah experiment, where SWC is low and,
hence, close to the conditions of Donaldson et(2014), the adsorption is maximal.
Consequently, the calculatggmp values are minimal estimates.

The discontinuous experiments yielded higher emissiaty,; = 0 ppb, than a standard

experiment af;, = 0 ppb without the change of the ambient mixingpraf HONO. Hence,
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desorption of adsorbed HONO as postulated by (Mader et al., 2013) can be measured
directly. For soil sample S1 the ratio between thiging ratios of desorbed and adsorbed
HONO (Fig. 10) was a function of SWC and valuesihea unity at a certain SWC, which
implies that desorption can be as strong as adsarpgiowever, it has to be considered that
the ambient mixing ratio of HONO was switched evdby minutes and, hence, desorption
likely was not completed. This might explain thegher desorption at the end of the
experiment (at lower SWC), as adsorbed HONO accai@dl At higher SWC, adsorption via
Henry's law is subject to the acid base equilibriomnitrite and nitrous acid, which will
buffer the desorption process by the accumulatfosod nitrite. Further experiments will be
needed to investigate the temporal and quantitetozdes of desorption and adsorption of
HONO on soil surfaces. TH&N tracer method of Wu et al. (2014) might be aahlé tool.
The strength of the desorption supports the finglioff VandenBoer et al. (2013), who
attribute a large fraction of the missing daytirerse to desorption of HONO.

The production of NO from adsorbed HONO on soil whswn recently by Donaldson et al.
(2014), who reported a yield of 16 % on dry soile Wéund the HONO to NO conversion to
vary between 0 and 100 %, although values in thel®WC range are prone to large errors
(see Sect. 3.6). As most other measured or cadchiiiantities, the conversion of HONO to
NO is a function of SWC. Lower yields at high SW@ht be attributed to the uptake via the
acid-base mechanism forming a reservoir of nititieich can be accumulated and released at
lower ambient mixing ratios. In contrast, adsonptias no coupled additional equilibrium at
low SWC, which acts as a storage for HONO. Thiscess might be relevant for field
measurements, as an upward NO flux derived fronveion of adsorbed HONO might be
measured at the site, while the measurement ofaniples in a laboratory dynamic chamber
system with HONO free air might reveal lower fluxé&his implies that adsorption of ambient

HONO can influence emission fluxes of NO from soil.
4.5 Implications of lowycompfor atmospheric chemistry

Mixing ratios of HONO are usually in the range & -3 300 ppt during daytime and 0.5 -5
ppb at night (VandenBoer et al., 2014;VandenBoaal et2013;Zhang et al., 2012;So6rgel et
al., 2011;Villena et al., 2011). Our results shdwattmany of the observedomp at very low
and high soil water contents are below typical galwf nocturnal HONO mixing ratios.
Consequently, soils can indeed act as a sink duigigtitime, which was previously proposed
by several field studies (VandenBoer et al., 201&)@/et al., 2011;Su et al., 2008b;Su et al.,
2008a;Stutz et al., 2004;Stutz et al., 2002;Sdéegall., 2011). However, for some of the soil
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samples, for instance S4 (Fig. 10), we found #hat{HONO) can also be lower than typical
daytime HONO mixing ratios. Hence, soils can alsb as sinks during daytime. This has
important implications for the atmospheric chenyistf HONO, as the missing HONO
daytime source (Sorgel et al.,, 2011;0swald et 2413;Kleffmann et al., 2003) could be
larger than expected for some field sites, sindec@m be an additional sink term in the
budget. However, the previously discussed adsorpind desorption processes need to be
considered. Obviously, a soil with loyomp Will take up even more HONO at night and,
hence, might be a strong desorption source dutiegfollowing day. Further studies are
required to evaluate which of these two processéslaminate and how this will influence

atmospheric chemistry.
4.6 A conceptual model for HONO soil-air exchange

We previously identified four different processesntrolling the bidirectional fluxes of
HONO. All of these are a function of the SWC andnt¢e, the contribution to the net flux
varies with the SWC as well. The partitioning of NO between gaseous and aqueous phase,
is restricted to higher SWC due to the principlésienry’'s law. We foundomp to exceed
HONO* at 30% of whc (Fig. 8), where bacterial HON@rmation starts to dominate.
Therefore, we assume that the gas-liquid partiigns only relevant in the SWC range from
30 — 100% of whc. From the studies of Oswald ef28l13) we know that bacterial formation

is restricted to the lower SWC range from 0 — 3G%lac, with an optimum at about 15% of
whc. Additionally, bacterial formation is only alease process (Ermel et al., 2014).
Adsorption of HONO was recently shown to occur oy sbils, but an upper limit was not
reported up to now (Donaldson et al., 2014). lb @ppears difficult to distinguish adsorption
and uptake by Henry’s law. As the maximal emissibRAlONO from NHOH is related to the
water limitation of AOB, we assume that adsorptisronly relevant in the strongly water
limited SWC from 0 — 15% of whc. As our resultskigs. 2 and 10 show, desorption of
HONO can occur at all SWC from 0 — 100% of whc. Kwer, we do not differentiate
between release from soil nitrite and release fanisorbed HONO, as no clear distinction is
possible. Further experiments with isotope labelONO and nitrite are necessary to
distinguish the contribution of both processes. Egysummarizes the discussed processes in
a conceptual model.
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Figure 15: Simplified scheme of the contributiortted different processes involved in HONO
release and uptake as a function of SWC. While ratisn, bacterial formation and
partitioning from solil nitrite dominate at a cengWC, 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 sffer@nt soils were investigated in a
laboratory dynamic chamber system. We found bitimaal fluxes for all analysed samples.
A soil sample from a wheat field in Germany wasemnsively studied to investigate
bidirectional fluxes with increasing soil layer ¢kihess and varying ambient HONO mixing
ratios. As the flux of HONO was found to be constaith increasing soil layer thickness, an
important prerequisite for the application of thempensation point concept was fulfilled.
However, we introduced the new term “ecosystem iBpecompensation mixing ratio of

HONO”, y.omp because the classical concept by Conrad et 884flrequires biological

production and consumption to occur simultaneouBlys prerequisite was not fulfilled for
HONO and we identified at least four mainly physicemical processes influencing
bidirectional HONO fluxes. These are (a) partitranfrom soil nitrite, (b) HONO formation
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from NH,OH released by bacteria, (c) adsorption and (dpmi¢isn of HONO. These
processes all depend on the soil water contenteactht dominates within a certain SWC
range. Henceycomp is a function of the soil water content and is catstant as found for e.qg.
NO (Behrendt et al., 2014). The application of v@aystem to switch between two different
HONO levels (0 ppb and 10 — 150 ppb) and comparisdh measurements using only
purified air during the experimental course showet HONO is adsorbed at higher ambient
mixing ratios and desorbed from the soil when exmpthe sample to HONO free air. The
desorption rate was found to vary with soil watentent and can reach the magnitude of the
adsorption rate. This confirms recent findings frarfield study (VandenBoer et al., 2013),
revealing a strong contribution of HONO desorptiicom the ground to the unknown daytime
source. In addition, we found the conversion yaléddsorbed HONO to NO to be a function
of the soil water content and yields of up to 10@d¥an acidic soil sample. This reveals the
influence of HONO on NO emission fluxes from sdihe lowycomp found at high soil water
content for several soil samples indicates that can act as a HONO sink even during
daytime when low mixing ratios (30 — 300 ppt) prievEence, soil can also increase the
unknown daytime source. However, the relation betwéow y.omp and desorption of
nocturnally accumulated HONO requires further expents to draw final conclusions. We
have investigated fundamental insights providingasis for future studies on soil-air
exchange of HONO that is highly relevant for atntasc chemistry.
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