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I Abstract - Zusammenfassung 

Abstract  

Interactions between biosphere, lithosphere, hydrosphere and atmosphere are important 

processes in the Earth´s environment. There are several elements which are distributed in each 

compartment, e.g., nitrogen and carbon. Biogeochemical cycles describe the partition and the 

pathways of those compounds between environmental compartments. In this PhD project the 

partition of nitrous acid between the lithosphere/biosphere and atmosphere has been studied. 

Nitrous acid (HONO) is not only part of the nitrogen cycle, but also an important precursor of 

the OH radical, the key oxidant in the atmosphere. The current knowledge of atmospheric 

HONO sources is still unsatisfactory. Thus, more research on HONO sources is needed to 

improve simulations of the oxidative capacity of the atmosphere.  

One main focus of this work is on biological emissions of reactive nitrogen (HONO and NO) 

from soil and biological soil crusts which cover the soil surface in semi-arid regions. The PhD 

study shows that natural ground surface emission can be the major source of atmospheric 

HONO in rural/remote regions. This was indicated by field measurements in Cyprus, a rural 

island in the East Mediterranean Sea, which detected much higher daytime HONO 

concentrations than expected by budget analysis and photostationary state calculations. While 

observed NO2 concentrations were low, demonstrating that heterogeneous NO2 conversion 

couldn´t account significantly for the HONO budget, the missing HONO source correlated 

well with NO and its missing source indicating a common origin. Laboratory based 

measurements of reactive nitrogen emission from local soil and biological soil crust samples 

(chlorolichen-, moss- and cyanobacteria-dominated types) showed a wide range of emission 

rates, which extrapolation, nevertheless, revealed a share of ~75% of the unaccounted HONO 

source. On the other hand, only 8% of the missing NO source could be attributed to soil/crust 

emissions and the NO source remained unclear.  

Although the low NO2 concentrations observed in Cyprus are not sufficient to explain the 

missing HONO source by heterogeneous uptake and conversion, the unexpected high HONO 

to NOx ratio (mean 0.33) may indicate a highly efficient pathway to convert NO2 into HONO. 

In addition, the good correlation of the missing HONO source with the product of the NO2 

photolysis rate and ambient NO2 concentrations suggests photo-induced HONO formation. 

Hence, light enhanced heterogeneous conversion of NO2 on biological surfaces, using 

proteins as a proxy, was studied in detail. Proteins exposed to NO2 and light were shown to be 

nitrated and decompose, accompanied by simultaneous HONO production. Nitration of 

proteins enhances their allergenic potential. Initial NO2 uptake coefficients on bovine serum 

albumin are comparable with NO2 uptake coefficients reported for other surfaces like humic 

acid, several aromatic compounds or soot. Unlike in other studies, persistent HONO 

formation over a long time was observed, indicative of a catalytic surface reactivity.  

In conclusion, the biosphere can play an important role in the atmospheric HONO budget, 

either by biological production and subsequent emission or by acting as a reactive surface for 

heterogeneous NO2 conversion. 

 

 



 
II Abstract - Zusammenfassung 

Zusammenfassung 

Wechselwirkungen zwischen Biosphäre, Lithosphäre, Hydrosphäre und Atmosphäre sind 

wichtige Prozesse in der Umwelt der Erde. Es gibt einige Elemente, wie z.B. Stickstoff und 

Kohlenstoff, die in jedem dieser Bereiche vorkommen. Biogeochemische Kreisläufe 

beschreiben die Verteilung und die Pfade solcher Stoffe zwischen den Umweltbereichen. In 

dieser Doktorarbeit wird die Verteilung von salpetriger Säure zwischen Lithosphäre/ 

Biosphäre und Atmosphäre untersucht. Salpetrige Säure (HONO) ist nicht nur Teil des 

Stickstoffkreislaufs sondern auch ein wichtiger Vorläufer des OH Radikals, des 

Hauptoxidationsmittels in der Atmosphäre. Der derzeitige Wissensstand über atmosphärische 

HONO Quellen ist noch ungenügend. Demzufolge sind weitere Untersuchungen von HONO 

Quellen nötig um das Oxidationsvermögen der Atmosphäre besser simulieren zu können. 

Ein Schwerpunkt dieser Doktorarbeit liegt bei der Untersuchung biologischer Emissionen von 

reaktivem Stickstoff (HONO und NO) aus Böden und biologischen Bodenkrusten, die die 

Bodenoberfläche in semiariden Regionen bedecken. Die Doktorarbeit zeigt, dass Emissionen 

aus natürlichen Bodenoberflächen die Hauptquelle von atmosphärischem HONO in 

ländlichen oder abgeschiedenen Gegenden sein können. Dies wurde anhand von 

Feldmessungen auf Zypern, einer ländlichen geprägten Insel im östlichen Mittelmeer gezeigt, 

welche viel höhere HONO-Tageskonzentrationen detektierten als durch Budgetanalysen und 

photostationäre Gleichgewichtsberechnungen zu erwarten waren. Während beobachtete NO2 

Konzentrationen gering waren und folglich heterogene NO2 Umwandlungen nicht bedeutend 

zum HONO Budget beitragen konnten, korrelierte die fehlende HONO Quelle mit NO und 

dessen fehlender Quelle, was auf einen gemeinsamen Ursprung hindeutete. Laborbasierte 

Emissionsmessungen von reaktivem Stickstoff aus lokalen Boden- und biologischen 

Bodenkrustenproben (Grünalgenflechten, Moose und Cyanobakterien dominierende Typen) 

ergaben eine große Spanne an Emissionsraten, deren Hochrechnung dennoch einen Anteil von 

etwa 75% der fehlenden HONO Quelle abdeckten. Anderseits konnten nur 8% der fehlenden 

NO Quelle den Boden-und Bodenkrustenemissionen zugeschrieben werden und die NO 

Quelle blieb unklar.  

Obwohl die geringen NO2 Konzentrationen, die in Zypern beobachtet wurden, nicht 

ausreichten um die fehlende HONO Quelle durch heterogene Aufnahme und Umsetzung zu 

erklären, könnte das unerwartet hohe HONO-NOx-Verhältnis (im Mittel 0.33) auf einen sehr 

effizienten Weg zur Umwandlung von NO2 zu HONO hinweisen. Zusätzlich deutet die gute 

Korrelation von der fehlenden HONO Quelle mit dem Produkt aus der NO2 Photolyserate und 

der NO2-Umgebungskonzentration auf eine durch Licht initiierte HONO Bildung. Folglich 

wurde die durch Licht verstärkte heterogene NO2-Umwandlung an Proteinen, stellvertretend 

für biologische Oberflächen, genauer untersucht. Es wurde gezeigt, dass Proteine, die NO2 

und Licht ausgesetzt sind, nitriert und unter gleichzeitiger HONO Bildung abgebaut werden. 

Nitrierung von Proteinen verstärkt deren Potential Allergien auszulösen. Anfängliche NO2 

Aufnahmekoeffizienten von Rinderserumalbumin sind mit berichteten NO2 

Aufnahmekoeffizienten von verschiedenen Oberflächen wie Huminsäure, einige aromatische 

Verbindungen oder Ruß vergleichbar. Anders als in anderen Studien, wurde eine stabile 

HONO Bildung über einen langen Zeitraum beobachtet, was auf eine katalytische 

Oberflächenaktivität hinweist.  



 
III Abstract - Zusammenfassung 

Schlussfolgernd kann die Biosphäre, entweder durch biologische Produktion und folgender 

Emission oder durch Bereitstellung einer reaktiven Oberfläche für NO2 Umwandlung, eine 

wichtige Rolle im atmosphärischem HONO-Budget spielen.      
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1 Introduction 

1.  Introduction 

The composition of the atmosphere is influenced by biological processes in soil, vegetation 

and ocean interacting with physical and chemical reactions within the atmosphere. The 

physical surface-atmosphere exchange of many trace gases is often coupled with biological 

production. To understand the Earth system it is important to know the production, 

destruction and exchange processes. 

An alteration of the atmospheric composition, being underway since the industrial revolution, 

causes changes in climate, biodiversity and biogeochemical cycling of nitrogen, carbon and 

sulphur. Biochemical cycles are influenced directly by anthropogenic impact like changes in 

land use or combustion. The emission of reactive nitrogen by human activities, for example, 

exceeds that from natural process by a factor of 4 at the end of the 20
th

 century (Fowler et al., 

2009; Galloway et al., 2004). But also the input of nitrogen into the soil increased caused by 

increased application of fertilizer. In general surfaces can act as sinks but also as sources of 

trace gases, depending on the equilibrium of those trace gases between biosphere surface and 

atmosphere. 

In this PhD study I focused on the biosphere-atmosphere exchange of nitrous acid, an 

exemplary constituent of the nitrogen cycle, and particularly the emission from soil and 

biological soil crusts. The biosphere-atmosphere interactions were further investigated on the 

basis of light-induced heterogeneous reactions of nitrogen dioxide on biological surfaces, i.e., 

proteins. 

  

1.1 Nitrous acid 

Nitrous acid (HONO) is an important precursor of the OH radical. In the atmosphere the OH 

radical plays an important role (Levy, 1971). It is the main oxidant and is often called 

detergent of the troposphere. Reacting with volatile organic compounds or SO2, particles are 

formed, as in general the products have lower vapor pressure and condense subsequently 

(Arey et al., 1990; Zhou et al., 2013). During the day OH is mainly generated by photolysis of 

O3. But during the mornings photolysis of O3 is usually low and photolysis of nitrous acid 

(HONO) becomes a more relevant source contributing up to 30% to the OH budget 

(Kleffmann et al., 2005; Alicke et al., 2002; Ren et al., 2006). Nitrite (NO2
-
) is part of the 

nitrogen cycle being widespread in the environment. In its protonated form (HNO2 or HONO) 

it is mainly partitioned in the gas-phase but as NO2
-
 it can also be found in aerosol particles, 

clouds and dew droplets, seawater, sediments and soil (Foster et al., 1990; Rubio et al., 2002; 

Acker et al., 2008; Bianchi et al., 1997). Ambient gas-phase mixing ratios range from several 

parts per trillion (ppt) in rural regions to some parts per billion (ppb) in polluted sites (Acker 

et al., 2006; Costabile et al., 2010, Michoud et al., 2014; Spataro et al., 2013; Su et al., 2008). 

Simulated atmospheric HONO concentrations are frequently lower than observed 

concentrations in field studies showing that not all sources of HONO have been described, yet 

(Kleffmann et al., 2005; Su et al., 2008; Sörgel et al., 2011; Michoud et al., 2014; Oswald et 

al., 2015). It can be derived from the gas-phase reaction of OH and NO, the reverse reaction 

of the depletion by photolysis. Direct HONO emissions during fossil fuel combustion are low, 
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only 0.8% of the NOx emitted by car engines consist of HONO (Kurtenbach et al., 2001). 

Recent studies observed heterogeneous NO2 conversion on different surfaces, e.g., soot and 

organic-coated particles (Kalberer et al., 1999, Kleffmann et al., 1999; Arens et al., 2001, 

2002; Ammann et al., 1998, 2005). Others found light-enhanced or light-induced HONO 

formation either via heterogeneous reactions of NO2 or by photolysis of nitrated organic 

substances (e.g., nitrophenol) or nitric acid and nitrate (Monge et al., 2010; Sosedova et al., 

2011; George et al., 2005; Ramazan et al., 2004; Stemmler et al., 2006, 2007; Bejan et al., 

2006; Zhou et al., 2001, 2002, 2003). Nevertheless, these sources cannot explain HONO 

concentrations found in the environment (Elshorbany et al., 2012). Budget analyses reveal a 

missing source of about 5x10
5
 – 4x10

7 
cm

-3
 s

-1 
(Acker et al., 2006; Soergel et al., 2011; 

Kleffmann et al., 2005; Su et al., 2008; Wong et al., 2012). Vertical gradient measurements 

and simulations indicate a ground level HONO source (Kleffmann et al., 2003; Vogel et al., 

2003; VandenBoer et al., 2013; Villena et al., 2011; Ren et al., 2011). 

 

1.2 Biosphere 

Soil, biological soil crusts (subsequently called biocrusts) and primary biological aerosols 

including proteins are important constituents of the biosphere and have direct contact to the 

atmosphere. It is known that soil can act as sink but also as source of many trace gases. Soil 

and soil biota represent a major environmental compartment of the biochemical cycle of 

nitrogen. Soil can emit reactive nitrogen like NO and N2O (Meixner and Yang, 2006), and 

recently HONO emissions from soil were also observed (Oswald et al., 2013; Su et al., 2011). 

It was shown that biological activities, e.g., biological N fixation and subsequent nitrification 

and denitrification processes enhanced by cyanobacteria dominated and other biocrusts, can 

increase reactive nitrogen emissions (Abed et al., 2013; Weber et al., 2015). During biologic 

N fixation, atmospheric N2 is fixed and transformed into ammonium (NH4
+
) via the enzyme 

nitrogenase. Ammonium is then oxidized in a stepwise manner into NO2
-
 and nitrate (NO3

-
; 

nitrification). Denitrification enzymes reduce nitrate and nitrite to nitric oxide (NO), nitrous 

oxide (N2O) and nitrogen (N2). In dark cyanobacteria dominated biocrusts a higher biological 

activity was found compared to light cyanobacteria or lichen dominated biocrusts (Abed et al., 

2013; Barger et al., 2013). Consistently, Weber et al. (2015) observed highest NO and HONO 

emissions from dark cyanobacteria dominated biocrusts followed by light cynobacteria, 

chlorolichen and moss dominated biocrusts sampled from South Africa. Bare soil had lowest 

emissions. Biocrusts are mainly found in arid and semi-arid ecosystems and grow within the 

uppermost millimeters to centimeters of soil. They are composed of photoautotrophic 

cyanobacteria, algae, lichens, and bryophytes, growing together with heterotrophic bacteria, 

fungi and archaea in varying proportions (Belnap et al., 2016).  

Besides soil and biocrusts proteins are important constituents of the biosphere as they can be 

found in the whole environment and can affect human health, e.g., they cause allergies 

(D’Amato et al., 2007). They are part of aerosols in all size ranges. In form of pollen, fungal 

spores, plant debris and fragments of those they contribute to coarse particles (diameter > 2.5 

µm). In fine particulate matter (diameter < 2.5 µm) proteins are dissolved in hydrometeors, 

mixed with fine dust and other particles (Miguel et al., 1999; Riediker et al., 2000; Zhang and 
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Anastasio, 2003). Up to 5% of particle mass in airborne particles is constituted by proteins 

(Franze et al., 2003; Menetrez et al., 2007). But proteins can also cover plants and soil. 

Proteins can be nitrated by air pollutants enhancing their allergenic potential (Shiraiwa et al., 

2012; Gruijthuijsen et al., 2006). Nitration of proteins usually occurs at aromatic amino acids 

like tyrosine, tryptophan and phenylalanine. These aromatic amino acids are photosensitive 

and can be activated by UV-light which generates reactive radical intermediates which 

subsequently can react with NO2 (Houee-Levin et al., 2015). Hence, irradiation of proteins 

might enhance nitration by air pollutants similar to the elevated NO2 uptake of proteins which 

were initially exposed to O3, forming also a radical intermediate (Shiraiwa et al., 2012). 

Nitrotyrosine has the same chemical structure as 3-nitrophenol, which photolysis forms 

HONO (Bejan et al., 2006). Therefore it is likely that irradiated nitrated proteins also produce 

HONO. On the other hand, as proteins are ubiquitously found in the environment, they might 

provide a reactive surface for heterogeneous reactions of NO2.      

 

1.3 Research objectives 

It is important to get a better insight into atmospheric and multiphase processes like aerosol 

chemistry but also atmosphere-biosphere or atmosphere-lithosphere interactions and study 

their effects on climate change, air quality and public health.  

This PhD thesis will help to better understand the oxidizing capacity of the atmosphere as it 

focuses on the unexplored sources of HONO a relevant precursor of the major tropospheric 

oxidant, the OH radical. On the one hand the (biological) emissions of HONO and NO from 

soils and biological soil crusts are studied. There are several studies which observe and 

quantify HONO and NO fluxes from soil but only a few compare them with observed missing 

sources or evaluate their contributions to the HONO budget. In this work ambient 

measurements, HONO budget analysis and lab-based flux measurements from soil samples 

from the same site are performed. Hence, an evaluation of the significance of soil emission on 

the local HONO budget is assessed. On the other hand HONO formation from heterogeneous 

NO2 conversion on proteins (as an example of biosphere surfaces) and photolysis of nitrated 

proteins releasing HONO are studied. Simultaneously light initiated nitration of intact 

proteins is investigated.       

 

1.4 Methods 

In this PhD study three different methods were applied:  

a) field measurements during a four week lasting extensive campaign on the East 

Mediterranean island Cyprus,  

b) dynamic chamber studies (on emission fluxes from Cyprus soil and biological soil 

crust samples), and  

c) coated-wall flow tube measurements (on light-induced protein nitration and 

degradation with HONO emission). 
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In summer 2014 an extensive field campaign took place in Cyprus, a rural island in the East 

Mediterranean Sea. The chosen measurement site was on a small hill, in 5.5-8 km distance 

from the sea. The population in the surrounded area of about 15 km was weak. With low 

anthropogenic activity and emission the site was ideal to study unknown HONO sources, and 

its contribution to the OH budget. During the campaign many trace gases like, NOx, O3, and 

CO were detected, but also several volatile organic compounds (VOC) and hydrocarbons. 

Reactive species like OH, HO2, NO3 and N2O5 were measured. Besides the usual 

meteorological parameters (temperature, relative humidity, precipitation, wind direction and 

wind speed) also photolysis frequencies were recorded. Aerosol composition and particle size 

were measured, too.    

Next to the measurement site 50 grids were placed at randomly selected spots for systematic 

ground cover assessment and totally 43 samples, with 6-10 replicates of each found cover 

species (bare soil, dark or light cyanobacteria dominated biocusts, chlorolichen or moss 

dominated biological biocrusts) were taken. Emission flux measurements of those samples 

were performed in dynamic Teflon chambers in temperature controlled laboratories. 

Measurements followed the well-proven method for emission studies. Therefore the sample 

was wetted till full water holding capacity, placed into the chamber and then dried completely 

by flushing with dry purified air. The measured flux or concentrations were transformed into 

an atmospheric/environmental flux according to Su et al., (2011) and converted into a 

corresponding ground source and compared to the observed missing source. 

In the third part coated wall flow tubes were used. The proteins, here bovine serum albumin 

(BSA) and nitrated ovalbumin (n-OVA) were therefore coated to the inner wall of the glass 

flow tube (length 50 cm, inner diameter 8.1 mm). To study the light effects the coated tube 

was exposed to maximum 7 lamps in a circular arrangement surrounding the tube. The 

heating caused by illuminating lights was prevented by sheath air. The coated proteins were 

purged with humidified pure air or mixed with atmospheric relevant concentrations of NO2. 

After the flow tube experiment the proteins were extracted from the wall with pure water and 

nitration degrees were analyzed by means of high performance liquid chromatography with 

diode array detection. 

In all three studies HONO was analyzed with a commercial long path absorption photometer 

(LOPAP, QUMA, Wuppertal, Germany). Using an effective light path of 1.5 m and a time 

resolution of 30 s, LOPAP had a detection limit of 2-5 ppt. The instrument is based on a wet 

chemical analytical method. HONO is trapped efficiently in a stripping coil flushed with an 

acidic aqueous solution of sulfanilamide. There are two stripping coils in series to reduce 

known interfering signals (Heland et al., 2001). In the first coil HONO is quantitatively 

collected with an efficiency of about 99%. Interfering species are collected in both channels 

but only in small amounts. After a second reaction with N-(1-naphthyl)ethylenediamine-

dihydrochloride forming an azo dye the concentration is determined via absorption 

photometry in a long Teflon tubing. The true concentration of HONO is obtained by 

subtracting the inferences quantified in the second channel from the total signal obtained from 

the first channel. This correction of chemical interferences showed excellent agreement with 

the differential optical absorption spectroscopy (DOAS) measurements, both in a smog 

chamber and under urban atmospheric conditions (Kleffmann et al., 2006).   



 

 

5 Results and discussion 

For NOx measurements different instruments were used. But all three are based on 

chemiluminescence of the reaction between NO and O3. Infrared light is emitted when 

electronically excited NO2 molecules decay to lower energy levels. While NO can directly be 

detected via this reaction NO2 must be initially transformed into NO. During the field 

campaign in Cyprus a modified commercial detector (CLD 790 SR), originally manufactured 

by ECO Physics (Duernten, Switzerland) with a photolytic NO2 converter was applied. In the 

follow up study on emission fluxes from soil a commercial detector (42i) by Thermo 

Scientific (Watham, USA) modified with a photolytic converter was used. In the third study 

the NOx analyzer was a commercial CLD 77 AM (Eco Physics) with a molybdenum 

converter. A photolytic converter is more selective as NO2 is converted via UV radiation but 

is less efficient than a molybdenum converter. In a molybdenum converter which is heated to 

about 325 °C NO2 is converted with almost 100% efficiency but also other nitrogen species 

like HNO3, NH3 or peroxyacetyl nitrate are transformed. Limits of detection of the field 

measurements were lower than those of lab studies (NO: 5 – 50 ppt, NO2: 20 – 65 ppt). 

The specifications of the additional instruments applied during CYPHEX of which data were 

used for budget analysis are described in my publication (Meusel et al., 2016; see Appendix 

B1).   

 

2 Results and discussion 

2.1 Overview  

The PhD project is divided into two parts with three first-author publications and five co-

authored publications on related studies. The primary topic is about soil-atmosphere trace gas 

exchange. The second part is related to protein modification. Figure 1 shows an overview and 

the relation of the two topics and the single studies. The first study is based on field 

measurements in a rural site of Cyprus, in which a variety of trace gases and aerosols were 

detected. A large daytime missing HONO source was found which couldn´t be explained by 

NO2 conversion only. A follow-up study deals with the possible suggested HONO source of 

soil emission. Therefore local soil and biological soil crust samples and their emission fluxes 

were analyzed by means of dynamic chamber studies. In a similar study reactive nitrogen 

emission from soil and biocrust samples from South Africa was measured. Furthermore I 

joined a study on soil-air trace gas exchange measurements of formaldehyde by means of the 

flow tube technique and I accompanied a technical study on the influence of surface 

roughness on coated-flow tube experiments for gas uptake analysis. These two ancillary 

studies are linked with the second PhD topic via the shared technical method of flow tube 

measurements. The second part of the PhD work focus on protein modification by air 

pollutants, i.e., light-induced protein nitration and decomposition. Both PhD topics share the 

common context of studying HONO sources. While in the first part HONO is directly emitted 

from soil, in the second part HONO is formed during decomposition of nitrated proteins and 

via light enhanced heterogeneous conversion of NO2 on proteins, used as a proxy for 

biological surfaces.. Two publications with minor contribution deal with protein nitration and 

oligomerization upon O3 and NO2 exposure in darkness.      



 

 

6 Results and discussion 

The results of the three main studies are summarized in the next chapter. 

 

Fig.1: Structure of PhD thesis. In the middle the topic of the project of biosphere-atmosphere 

exchange is schematically presented. On the left and on the right side single studies, associated with 

peer-reviewed publications in international scientific journals are shown, separated based on the 

applied experimental method. Here, thick boxes indicate first-author publications and thin boxes (with 

grey text) indicate co-authored publication. Colors represent relations between publication and 

exchange process. The asterisk indicates the same publication. 

  

 

2.2 Single studies 

2.2.1 Nitrous acid on Cyprus 

Cyprus, as a rural island in the East Mediterranean Sea with low local anthropogenic impact 

and low NOx levels but with high solar radiation, was ideal to study unknown HONO sources. 

During the campaign the wind came from South-West bringing clean marine air to the site. In 

the low NOx environment (NOx < 1 ppb; NO2 < 800 ppt, mean 150 ppt; NO < 100 ppt, mean 

25 ppt) HONO mixing ratios of up to 150 ppt were found with unusual higher concentrations 

during day than night and strong morning peaks. High HONO to NOx ratios (mean 0.33) 

indicate HONO daytime sources independent from NO2 or rather a highly effective pathway 

to convert NO2 to HONO. The slight increase in HONO concentrations during night can be 

explained by heterogeneous NO2 reactions with a conversion rate between 0.4-1.6% h
-1

. 

Budget analysis revealed an unknown HONO source of a daytime mean of 1.3x10
6
 cm

-3
 s

-1
. 

Although the unknown HONO source correlated well with photolytic reactions of NO2 
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(JNO2*[NO2], JNO2*[NO2]*RH) theses reactions cannot account prominently to the unknown 

HONO source as the NO2 levels were too low. But good correlations of HONO and NO as 

well as the high correlations of their unknown sources indicate a common source. Emissions 

from soil and production of HONO and NO by biological soil crusts were considered to be a 

major source of HONO. The contribution of HONO to the local primary OH production was 

calculated to be about 40% in the morning hours with peak values of up to 65%. 

For more details see Appendix B.1, Meusel et al., Atmos. Chem. Phys., 2016.  

 

2.2.2 Emission of nitrous acid from Cyprus soil and biological soil crusts 

In order to proof the above concluded hypothesis that soil and biocrusts from Cyprus emit 

HONO and NO and that these can be the major HONO source the emission fluxes of 25 

samples from the same region were analyzed in chamber measurements. All samples showed 

both HONO and NO emissions with slightly higher HONO emissions. Bare soil samples 

emitted highest HONO-N and NO-N followed by light and dark cyanobacteria dominated 

biocrusts (BSC). Emissions from chlorolichen and moss dominated biocrusts were lowest. 

Emissions highly correlated with nutrient content, especially nitrite and nitrate. An 

environmental flux was calculated according to a standard formalism describing the 

atmosphere-soil exchange of trace gases as a function of the difference between atmospheric 

concentrations and the equilibrium concentration at the soil surface (Su et al., 2011). 

Considering the abundance of the biocrusts an overall flux of 2-19 ng m
-2

 s
-1

 HONO-N and 2-

16 ng m
-2

 s
-1

 NO-N could be estimated for optimum soil water content and 25°C soil 

temperature. As bare soil had lowest and moss BSC highest abundance the contributions of 

each surface type to the total flux did not resemble the order of flux rates of the single surface 

type. In the high total emission range the contribution of light BSC was highest (HONO: 

43%, NO: 50%), followed by bare soil (HONO: 25%, NO: 13%) and dark BSC (HONO: 

20%, NO: 23%). Conversion of the environmental flux rate (at a soil water content of 10% 

water holding capacity, somewhat lower than the optimum soil water content as during 

CYPHEX no precipitation but high relative humidity was observed) into the estimated ground 

source exhibit that ground emissions can explain up to 75% of the missing source found 

during CYPHEX. But soil NO emissions only cover 8% of the observed missing source. 

During daytime soil temperature was detected to be higher than 25°C likely leading to higher 

HONO and NO emissions. 

For more information see Appendix B.2, Meusel et al., Atmos. Chem. Phys. Disc. 2017a.      

     

2.2.3 Heterogeneous reaction of NO2 on light activated proteins 

In high NOx level environment (contrary to Cyprus) heterogeneous reactions of NO2 are 

proposed to be an important HONO source. This reaction could also be light enhanced which 

is also suggested by the Cyprus study as well as by several other publications. The unexpected 

high HONO to NOx ratio found during the CYPHEX campaign might also indicate a highly 

efficient conversion of NO2 to HONO. In this chapter the heterogeneous conversion of NO2 

on light activated proteins (as an example of important biosphere surfaces) and the light- 

induced decomposition of nitrated proteins were studied. After some hours of NO2 exposure 
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under irradiated conditions proteins were found to be slightly nitrated but mainly 

decomposed. Proteins which were nitrated in liquid phase (by tetranitromethane) prior to the 

flow tube experiments released HONO when irradiated even without NO2 exposure and also 

degraded. HONO formation was strongly dependent on NO2 concentration, coating thickness, 

relative humidity and light intensity. Results indicate that not only reactions on the surface but 

also in the bulk occur. Stable HONO formation was observed over 20 hours of light and NO2 

exposure. The estimated effective rate constant of the NO2 conversion on untreated proteins is 

in the same range as NO2 uptake coefficients on different irradiated surfaces like humic acid 

and other organic compounds but also soot.  

The detailed study is shown in Appendix B.3, Meusel et al., Atmos. Chem. Phys. Disc. 2017b.  

    

2.3 Conclusion 

The PhD study focused on biosphere-atmosphere exchange of HONO and amplified the 

understanding in HONO chemistry and its unaccounted sources. It combined field 

measurements and lab studies. Ambient measurements on rural Cyprus provided a good first 

insight into the topic and showed that more research on HONO sources needs to be done as 

budget analysis reveal a big missing source. Dynamic chamber studies on emission fluxes of 

local soil and biological soil crusts verified that the major fraction of the missing HONO 

source derived from biological soil emissions. Contrary the contribution of NO emissions 

from soil to the missing source was only about 8%. Similar combined studies (ambient 

measurements, budget analysis and soil and biocrust emission studies) should be performed in 

different sites with different soil type and cover all over the world to better quantify emission 

rates and its contribution to the HONO budget. A modification of the chamber measurements, 

e.g., not wetting the soil samples but flushing with air of different humidity levels while 

measuring the emissions, should be considered to better simulate reactive nitrogen emissions 

in regions with few precipitation.  

Another proposed HONO source of photochemical driven heterogeneous NO2 conversion was 

investigated together with light-induced protein nitration. Light enhanced NO2 uptake and 

HONO formation was already observed on several surfaces like humic acid, soot or phenolic 

compounds. Here irradiated proteins provided a highly reactive surface for the heterogeneous 

NO2 conversion with stable HONO formation over a long time. Proteins can coat/cover 

different surfaces and are therefore likely to be an important medium for heterogeneous 

reactions. Simultaneously the proteins were nitrated and decomposed. Nitrated proteins 

enhance their allergenic potential but are likely to degrade under sunlight. Therefore the 

health effects of degraded proteins or single nitrated amino acids or peptides should be 

investigated carefully. More studies on photo-enhanced heterogeneous NO2 reactions should 

be done as it seems to be a potential source of HONO.  

It is important to improve the quality of simulations of atmospheric HONO and hence OH 

radical concentration, as OH measurements are extremely difficult due to its short lifetime, 

and a proper evaluation by models is crucial to ensure realistic representation of the oxidation 

pathways in the atmosphere. 
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Abstract. Characterization of daytime sources of nitrous
acid (HONO) is crucial to understand atmospheric oxida-
tion and radical cycling in the planetary boundary layer.
HONO and numerous other atmospheric trace constituents
were measured on the Mediterranean island of Cyprus during
the CYPHEX (CYprus PHotochemical EXperiment) cam-
paign in summer 2014. Average volume mixing ratios of
HONO were 35 pptv (±25 pptv) with a HONO /NOx ra-
tio of 0.33, which was considerably higher than reported
for most other rural and urban regions. Diel profiles of
HONO showed peak values in the late morning (60± 28 pptv
around 09:00 local time) and persistently high mixing ra-
tios during daytime (45± 18 pptv), indicating that the pho-
tolytic loss of HONO is compensated by a strong daytime
source. Budget analyses revealed unidentified sources pro-
ducing up to 3.4× 106 molecules cm−3 s−1 of HONO and
up to 2.0× 107 molecules cm−3 s−1 NO. Under humid con-
ditions (relative humidity> 70 %), the source strengths of
HONO and NO exhibited a close linear correlation (R2

=

0.72), suggesting a common source that may be attributable
to emissions from microbial communities on soil surfaces.

1 Introduction

Nitrous acid (HONO) is an important component of the nitro-
gen cycle, being widespread in the environment. Either in its
protonated form (HONO or HNO2) or as nitrite ions (NO−2 )
it can be found not only in the gas phase, on aerosol parti-
cles, in clouds and in dew droplets but also in soil, seawa-
ter and sediments (Foster et al., 1990; Rubio et al., 2002;
Acker et al., 2005, 2008; Bianchi et al., 1997). It plays a
key role in the oxidizing capacity of the atmosphere, as it
is an important precursor of the OH radical, which initiates
most atmospheric oxidations. OH radicals react with pollu-
tants in the atmosphere to form mostly less toxic compounds
(e.g. CO+OH→CO2+H2O; Levy, 1971). Volatile organic
compounds (VOCs) react with OH, contributing to formation
of secondary aerosols (SOAs), which can serve as cloud con-
densation nuclei (CCN; Arey et al., 1990; Duplissy et al.,
2008). Furthermore OH oxidizes SO2 to H2SO4, which con-
dense subsequently to form aerosol particles (Zhou et al.,
2013). In this way HONO has an indirect effect on the radia-
tive budget and climate. In the first 2–3 h following sunrise,
when OH production from other sources (photolysis of O3
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and formaldehyde) is relatively low, photolysis of HONO can
be the major source of OH radicals as HONO concentrations
may be high after accumulation during nighttime (Lammel
and Cape, 1996; Czader et al., 2012; Mao et al., 2010). On
average up to 30 % of the daily OH budget in the boundary
layer is provided by HONO photolysis (Alicke et al., 2002;
Kleffmann et al., 2005; Ren et al., 2006), but it has been
reported as high as 56 % (Ren et al., 2003), with ambient
HONO mixing ratios ranging from several parts per trillion
by volume (pptv) in rural areas up to a few parts per billion
by volume (ppbv) in highly polluted regions (Acker et al.,
2006a, b; Costabile et al., 2010; Li et al., 2012; Michoud et
al., 2014; Spataro et al., 2013; Su et al., 2008a; Zhou et al.,
2002a).

In early studies, atmospheric HONO was assumed to be in
a photostationary state (PSS) during daytime controlled by
the gas-phase reaction of NO and OH (Reaction R1) and two
loss reactions, which are the photolysis (Reaction R2) and
the reaction with OH (Reaction R3).

OH+NO→ HONO (R1)

HONO
hv(300−405 nm)
−→ OH+NO (R2)

HONO+OH→ NO2+H2O (R3)

However, field measurements in remote and rural loca-
tions as well as urban and polluted regions found several-
times-higher daytime HONO concentrations than model pre-
dictions, suggesting a large unknown source (Kleffmann et
al., 2003, 2005; Su et al., 2008a, 2011; Sörgel et al., 2011a;
Michoud et al., 2014; Czader et al., 2012; Wong et al., 2013;
Tang et al., 2015; Oswald et al., 2015) even after considering
direct emission of HONO from combustion sources (Kessler
and Platt, 1984; Kurtenbach et al., 2001). Heterogeneous re-
actions on aerosols have been proposed as an explanation for
the missing source. The hydrolysis (Reaction R4; Finlayson-
Pitts et al., 2003) and redox reactions of NO2 have been in-
tensively investigated on different kinds of surfaces such as
fresh soot, aged particles or organic-coated particles (Am-
mann et al., 1998; Arens et al., 2001; Aubin and Abbatt,
2007; Bröske et al., 2003; Han et al., 2013; Kalberer et al.,
1999; Kleffmann et al., 1999; Kleffmann and Wiesen, 2005;
Lelievre et al., 2004). Minerals like SiO2, CaCO3, CaO,
Al2O3 and Fe2O3 showed a catalytic effect on the hydrol-
ysis of NO2 (Kinugawa et al., 2011; Liu et al., 2015; Wang et
al., 2003; Yabushita et al., 2009). Different kinds of surfaces
(humic acid and other organic compounds, titanium dioxide,
soot) can be photochemically activated, which leads to en-
hanced NO2 uptake and HONO production (Reaction R5,
George et al., 2005; Langridge et al., 2009; Monge et al.,
2010; Ndour et al., 2008; Ramazan et al., 2004; Stemmler
et al., 2007; Kebede et al., 2013). The photolysis of partic-
ulate nitric acid (HNO3), nitrate (NO−3 ) and nitro-phenols
(R-NO2) leads to HONO formation as well (Baergen and
Donaldson, 2013; Bejan et al., 2006; Ramazan et al., 2004;
Scharko et al., 2014; Zhou et al., 2003, 2011). But these re-

actions cannot account for the HONO levels observed during
daytime (Elshorbany et al., 2012).

2NO2+H2O→ HONO+HNO3 (R4)

surface
hv
−→ e−

NO2
−→ NO−2

H2O
−→ HONO+OH− (R5)

On the other hand, soil nitrite, either biogenic or non-
biogenic, has been suggested as an effective source of HONO
(Su et al., 2011; Oswald et al., 2013; Mamtimin et al., 2016).
Depending on soil properties such as pH and water content
and according to Henry’s law, HONO can be released (Don-
aldson et al., 2014b; Su et al., 2011). This is consistent with
field flux measurements showing HONO emission from the
ground rather than deposition as is the case for HNO3 (Harri-
son and Kitto, 1994; Kleffmann et al., 2003; Ren et al., 2011;
Stutz et al., 2002; VandenBoer et al., 2013, 2014; Villena
et al., 2011; Zhou et al., 2011). In a recent study, Weber et
al. (2015) measured large HONO and NO emissions from
dryland soils with microbial surface communities (so-called
biological soil crusts). Many studies have shown decreasing
HONO mixing ratios with altitude in the lowest few hun-
dred meters of the troposphere, due to respective short atmo-
spheric lifetime compared to vertical transport time (Wong et
al., 2012, 2013; Vogel et al., 2003; VandenBoer et al., 2013,
2014; Zhang et al., 2009; Young et al., 2012). According to
the modeling results of Wong et al. (2013), we estimate that
the ground HONO source could be important for up to 200–
300 m a.g.l. This indicates that HONO is more relevant for
the OH budget close to the surface than in high-altitude air
masses.

Several field studies also show a correlation of the un-
known HONO source with solar radiation or the photoly-
sis frequency of NO2 JNO2 (Su et al., 2008a; Soergel et al.,
2011a; Wong et al., 2012; Costabile et al., 2010; Michoud
et al., 2014; Oswald et al., 2015; Lee et al., 2016). This
correlation can be explained either by the aforementioned
photosensitized reactions or by temperature-dependent soil–
atmosphere exchange (Su et al., 2011). According to Su et
al. (2011), the release of HONO from soil surfaces is con-
trolled by both the soil (biogenic and chemical) production of
nitrite and the gas–liquid-phase equilibrium. The solubility is
strongly temperature-dependent, resulting in higher HONO
emissions during noontime and high-radiation JNO2 peri-
ods, and lower HONO emissions or even HONO deposition
during the nighttime as further confirmed by VandenBoer
et al. (2015). This temperature dependence exists not only
for equilibrium over soil solution but also for adsorption–
desorption equilibrium over dry and humid soil surfaces (Li
et al., 2016).

In this study we measured HONO and a suite of other at-
mospherically relevant trace gases in a coastal area on the
Mediterranean island of Cyprus in summer 2014. Due to low
local anthropogenic impact and low NOx levels in aged air
masses, but high solar radiation, this is an ideal site at which
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to investigate possible HONO sources and to gain a better
understanding of HONO chemistry.

2 Instrumentation

HONO was measured with a commercial long-path ab-
sorption photometry instrument (effective light path 1.5 m,
LOPAP, Quma, Wuppertal, Germany). LOPAP has a collect-
ing efficiency of > 99 % for HONO and a detection limit of
4 pptv at a time resolution of 30 s. To avoid potential inter-
ferences induced by long inlet lines and heterogeneous for-
mation or loss of HONO on the inlet walls (Kleffmann et
al., 1998; Zhou et al., 2002b; Su et al., 2008b), HONO was
collected by a sampling unit installed directly in the outdoor
atmosphere, i.e., placed on a mast at a height of 5.8 m above
ground installed at the edge of a laboratory container. Fur-
thermore, the LOPAP has two stripping coils placed in series
to reduce known interfering signals (Heland et al., 2001).
In the first stripping coil HONO is quantitatively collected.
Due to the acidic stripping solution, interfering species are
collected less efficiently but in both channels. The true con-
centration of HONO is obtained by subtracting the infer-
ences quantified in the second channel (in this study the av-
erage is 1 pptv, at most 5 pptv) from the total signal obtained
from the first channel. For a more detailed description of
LOPAP, see Heland et al. (2001). This correction of chemical
interferences ascertained excellent agreement with the (ab-
solute) differential optical absorption spectroscopy (DOAS)
measurements, both in a smog chamber and under urban at-
mospheric conditions (Kleffmann et al., 2006). A possible
interference from peroxynitric acid (HNO4) has been pro-
posed (Liao et al., 2006; Kerbrat et al., 2012; Legrand et
al., 2014), but this will be insignificant at the high temper-
atures during the CYPHEX (CYprus PHotochemical EXper-
iment) campaign, at which HNO4 is unstable. The stripping
coils are temperature-controlled by a water-based thermostat,
and the whole external sampling unit is shielded from sun-
light by a small plastic housing. The reagents were all high-
purity-grade chemicals, i.e., hydrochloric acid (37 %, for
analysis; Merck), sulfanilamide (for analysis, > 99 %; Ap-
pliChem) and N-(1-naphthyl)-ethylenediamine dihydrochlo-
ride (for analysis, > 98 %; AppliChem). For calibration
Titrisol® 1000 mg NO−2 (NaNO2 in H2O; Merck) was di-
luted to 0.0015 and 0.005 mg L−1 NO−2 . For preparation all
solutions were used, and for cleaning of the absorption tubes
18 M� H2O was used. The accuracy of the HONO measure-
ments was 10 %, based on the uncertainties of liquid and gas
flow, concentration of calibration standard and regression of
calibration.

NO and NO2 measurements were made with a mod-
ified commercial chemiluminescence detector (CLD 790
SR), originally manufactured by ECO Physics (Duernten,
Switzerland). The two-channel CLD based on the chemilu-
minescence of the reaction between NO and O3 was used

for measurements of NO and NO2. NO2 was measured as
NO using a photolytic converter from Droplet Measurement
Technologies (Boulder, USA). In the current study, data were
obtained at a time resolution of 5 s. The CLD detection lim-
its (determined by continuously measuring zero air at the
measuring site) for NO and NO2 measurements were 5 and
20 pptv, respectively for an integration period of 5 s. O3 was
measured with a standard UV photometric detector (Model
49, Thermo Environmental Instruments Inc.) with a detec-
tion limit of 1 ppb. Data are reported for an integration pe-
riod of 60 s. The total uncertainties (2σ) for the measure-
ments of NO, NO2 and O3 were determined to be 20, 30
and 5 %, respectively, based on the reproducibility of in-field
background measurements, calibrations, the uncertainties of
the standards and the conversion efficiency of the photolytic
converter (Li et al., 2015).

OH and HO2 radicals were measured using the HydrOxyl
Radical measurement Unit based on fluorescence Spec-
troscopy (HORUS) setup developed at the Max Planck Insti-
tute for Chemistry (Mainz, Germany). HORUS is based on
laser-induced fluorescence–fluorescence assay by gas expan-
sion (LIF-FAGE) technique, wherein OH radicals are selec-
tively excited at low pressure by pulsed UV light at around
308 nm, and the resulting fluorescence of OH is detected us-
ing gated microchannel plate (MCP) detectors (Martinez et
al., 2010; Hens et al., 2014). The HORUS instrument had
an inlet pre-injector (IPI) (Novelli et al., 2014) which allows
the periodic addition of propane to scavenge the atmospheric
OH radicals. This procedure allows the removal of potential
interference species. HO2 is estimated by converting atmo-
spheric HO2 into OH using NO and detecting the additional
OH formed. The instrument is calibrated by measuring sig-
nals from known amounts of OH and HO2 generated by pho-
tolysis of water vapor in humidified zero air. The accuracy
(2σ ) of the OH measurements was 29 %, and the precision
(1σ ) was 4.8× 105 molecules cm−3.

Photolysis frequencies were determined using a spectrora-
diometer (Metcon GmbH) with a single monochromator and
512 pixel CCD array as a detector (275–640 nm). The ther-
mostatted monochromator–detector unit was attached via a
10 m optical fiber to a 2-5 integrating hemispheric quartz
dome. The spectroradiometer was calibrated prior to the
campaign using a 1000 W National Institute of Standards and
Technology (NIST) traceable irradiance standard. J values
were calculated using molecular parameters recommended
by the IUPAC and NASA evaluation panels (Sander et al.,
2011; IUPAC, 2015). The J value for HONO was not cor-
rected for upwelling UV radiation and is estimated to have
an uncertainty of ∼ 10 % (Bohn et al., 2008).

Aerosol measurements were also performed during the
campaign. In this study particulate nitrate and aerosol surface
data were used. These were detected by high-resolution time-
of-flight aerosol mass spectrometer (HR-ToF-AMS, Aero-
dyne Research Inc., Billerica, MA USA), and scanning mo-
bility particle sizer (SMPS 3936, TSI, Shoreview, MN USA)
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Figure 1. Map of location: the red star shows the location of Ineia and the measuring site. The four red points mark the main cities of Cyprus:
Nicosia, Larnaca, Limassol and Paphos (clockwise ordering). Map produced by the Cartographic Research Lab University of Alabama; map
of Cyprus: Google Maps.

and aerodynamic particle sizer (APS 3321, TSI), respec-
tively. The mobility- and aerodynamics-based size distribu-
tions were combined based on the algorithm proposed by
Khlystov et al. (2004).

The VOCs including α-pinene, β-pinene, isoprene, 13-
carene, limonene and DMS (dimethyl sulfide) were detected
by a commercial gas chromatography–mass spectrometry
(GC-MS) system (MSD 5973; Agilent Technologies GmbH)
coupled with an air sampler and a thermal desorber unit
(Markes International GmbH). The VOCs were trapped at
30 ◦C on a low-dead-volume quartz cold trap (U-T15ATA;
Markes International GmbH) filled with two-bed sorbent
(Tenax TA and Carbograph I). The cold trap was heated to
320 ◦C, and the sample was transferred to a 30 m GC column
(DB-624, 0.25 mm I.D., 1.4 µm film; J&W Scientific). The
temperature of the GC oven was programmed to be stable
at 40 ◦C for 5 min and then rise at a rate of 5 ◦C min−1 up
to 140 ◦C. Thereafter, the rate was increased to 40 ◦C min−1

up to 230 ◦C, where it was stabilized for 3 min. Each sample
was taken every 45 min; calibrations, using a commercial gas
standard mixture (National Physical Laboratory, UK), were
performed every 8–12 samples.

Carbon monoxide was measured by infrared absorption
spectroscopy using a room temperature quantum cascade
laser at a time resolution of 1 s. Data are reported as 60 s av-

erages with a total uncertainty of∼ 10 %, mainly determined
by the uncertainty of the NIST standard used (Li et al., 2015).

Meteorological parameters (temperature, relative humid-
ity (RH), wind speed and direction, pressure, solar radiation,
precipitation) were detected by the weather station Vantage
Pro2 from Davis Instruments.

Besides GC-MS all other operating instruments had time
resolutions between 20 s and 5 min. For most analyses in this
study the data were averaged to 10 min. When GC-MS data
were included in the evaluation, 1 h averaged data were used.

3 Site description

Cyprus is a 9251 km2 island in the southeast Mediterranean
Sea (Fig. 1). The measuring site was located on a military
compound in Ineia, Cyprus (34.9638◦ N, 32.3778◦ E), about
600 m above sea level and approximately 5.5–8 km from the
coastline (main wind direction: W–SW). The field site is
characterized by light vegetation cover, mainly comprising
small shrubs like Pistacia lentiscus, Sarcopoterium spinosum
and Nerium oleander; herbs like Inula viscosa and Foenicu-
lum vulgare; and few typical Mediterranean trees like Olea
europaea, Pinus sp. and Ceratonia siliqua. The area within
a radius of about 15 km around the station is only weakly
populated. Paphos (88 266 citizens) is located 20 km south
of the field site; Limassol (235 000), Nicosia (325 756) and
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Figure 2. Airflow conditions during the CYPHEX campaign: (a) measured local wind direction, (b) back trajectories calculated with NOAA
Hysplit model showing examples for the two main air mass origins (48 h, UTC=LT− 3 h).

Larnaca (143 367) are 70, 90 and 110 km to the E–SE, re-
spectively (population data according to statistical service
of the Republic of Cyprus, http://www.cystat.gov.cy, census
of population October 2011). During the campaign (7 July–
3 August 2014), clear-sky conditions prevailed and occasion-
ally clouds skimmed the site. No rain was observed, but
the elevated field site was impacted by fog during night-
time and early morning due to adiabatic cooling of ascend-
ing marine humid air masses. Temperature ranged from 18 to
28 ◦C. Within the main local wind direction of SW (Fig. 2a)
there was no direct anthropogenic influence, resulting in
clean humid air from the sea. Analysis of 48 h back trajec-
tories showed mainly two source regions of air mass origin
(Fig. 2b). For approximately half (46 %) of the campaign the
air masses came from west of Cyprus, spending most of their
time over the Mediterranean Sea prior to arriving at the site.
During the remaining half of the campaign air masses orig-
inated from north of Cyprus, from eastern European coun-
tries (Turkey, Bulgaria, Rumania, Ukraine and Russia). West-
erly air masses have been shown to exhibit lower concentra-
tion of gaseous and aerosol pollutants than the predominant
northerly air masses that typically reach the site (Kleanthous

et al., 2014). They spent more time over continental terres-
trial surface and were likely to be additionally affected by
biomass burning events detected in eastern Europe within
the measurement periods (FIRMS, MODIS, web fire mapper,
Fig. S1 in the Supplement). Previous back-trajectory studies
in the eastern Mediterranean support this assumption (Klean-
thous et al., 2014; Pikridas et al., 2010).

Most of the time the advected air mass was loaded with
high humidity as a result of sea breeze circulation. Two pe-
riods of about 4 days with lower relative humidity occurred.
These two situations will be contrasted below.

4 Results

The concentrations of HONO and other atmospheric trace
gases as well as meteorological conditions observed on
Cyprus from 7 July to 3 August 2014 are shown in Fig. 3. In
general, low trace gas mixing ratios were indicative of clean
marine atmospheric boundary conditions, as pollutants are
oxidized by OH during the relatively long air transport time
over the Mediterranean Sea (more than 30 h), and without
significant impact of direct anthropogenic emissions.
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Figure 3. Measured variables during the whole campaign from
7 July to 4 August 2014. (a) Meteorological data (temperature, T ;
relative humidity, RH; wind direction, wd; wind speed, ws), O3
and CO indicate stable conditions; in the lower panel the bar in-
dicates the air mass origin: bright blue represents westerly, while
the brownish color represents northerly. (b) Observed mixing ratios
of HONO, NO2 and NO, and the photolysis frequency JHONO and
the HONO /NOx ratio. The yellow and blue boxes reflect the dry
and the humid periods, respectively.

Ambient HONO mixing ratios ranged from below de-
tection limit (< 4 pptv) to above 300 pptv. Daily average
HONO was 35 pptv (±25 pptv; 1σ standard deviation). The
daily average NO2 and NO mixing ratios were 140± 115
and 20± 35 pptv, respectively, but showed intermittent peaks
up to 50 ppbv when sampling air was streamed from the
diesel generator used to power the station, from the access
route or the parking lot by local winds (easterly, Fig. S2).
These incidents, which account for 4 % of the campaign
time, were classified as local air pollution events and were
omitted from analysis. Mean O3 and CO mixing ratios were
72± 12 ppb and 98± 11 ppbv, respectively. OH radicals
ranged from below detection limit (1× 105 molecules cm−3)

during nighttime to 8× 106 molecules cm−3 during daytime
(see Fig. S3). Daytime HO2 /OH ratio ranged from 100 to
150. The mixing ratios of NO2, O3 and CO varied in uni-

son and were significantly (p < 0.05) higher during peri-
ods when air masses originated from eastern Europe (brown-
ish bar in Fig. 3a, lower panel), indicative of air pollution
and shorter transport times compared to western Europe
(NO2: northerly: 144± 130 pptv, westerly: 127± 106 pptv;
O3: northerly: 74± 11 ppbv, westerly: 66± 12 ppbv; CO:
northerly: 101± 9 ppbv, westerly: 90± 10 ppbv). In con-
trast, NO and HONO mixing ratios were slightly higher
when air masses came from western Europe and over the
sea (NO: northerly: 17± 35 pptv, westerly: 20± 44 pptv;
HONO: northerly: 32± 26 pptv, westerly: 38± 22 pptv).

Besides two different air mass origins, two periods with
different behavior of relative humidity were identified, as il-
lustrated by blue and yellow boxes in Fig. 3a and b. In both
periods we found northerly and westerly air mass origins.
The diel profiles of trace gas mixing ratios and meteoro-
logical variables of the humid period (blue box) are shown
in Fig. 4a, and the ones of the dry period (yellow box) in
Fig. 4b. During the drier period HONO concentrations were
stable and low (6 pptv) during nighttime, while mean night-
time HONO mixing ratios during the humid period (Fig. 4a)
showed an expected slow increase of about 20 pptv (from
20 to 40 pptv), as anticipated from heterogeneous production
and accumulation within a nocturnal boundary layer charac-
terized by a stable stratification and low wind speed (Acker et
al., 2005; Su et al., 2008b; Li et al., 2012). During both peri-
ods, but more pronounced in the drier period, HONO rapidly
increased by a factor of 2 within 2 h after sunrise and then
slowly decreased until sunset. Similar profiles were also ob-
served for other trace gases, like isoprene or DMS, which are
transported in upslope winds. Strong HONO morning peaks
and high daytime mixing ratios suggest a strong daytime
source, compensating the short atmospheric lifetime (15 min)
caused by fast photolysis.

Mean NO mixing ratios were close to the detection limit
(5 pptv) at night and increased after sunrise (06:00 local
time, LT) to mean values of 60 pptv (peak 150 pptv) at
09:00 LT, prior to declining for the rest of the day until sun-
set (20:00 LT). In the absence of local NO sources low night-
time values are a result of the conversion of NO to NO2 by
O3, which was continuously high (Hosaynali Beygi et al.,
2011). The diel profiles of NO mixing ratios followed closely
those of HONO mixing ratios. This similarity and their de-
pendency on relative humidity are suggestive of a common
source for both reactive nitrogen species.

NO2 mixing ratios were somewhat lower during nighttime,
but in general the diel variability remained in a narrow range
between 100 and 200 pptv. Likewise, the diel courses of O3
and CO mixing ratios revealed relatively low day–night vari-
ability in a range of 65–75 and 90–100 ppb, respectively.
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Figure 4. Diel variation of meteorological data (temperature, T ; relative humidity, RH), NO and NO2 mixing ratios, the photolysis rate for
HONO JHONO and HONO mixing ratios (pink: measured; violet: daytime photostationary state (PSS); grey: nighttime heterogeneous NO2
conversion) and HONO /NOx ratio for (a) average for period when RH was above 60 % (blue box in Fig. 3) and (b) average for dry period
when RH was below 60 % (yellow box in Fig. 3). Error bars represent standard deviation of diel mean.

5 Discussion

Low-NOx conditions at this remote field site in photochem-
ically aged marine air were found to be an ideal prerequisite
to trace as yet undefined local HONO sources. On Cyprus,
diel profiles of HONO showed peak values in the late morn-
ing and persistently high mixing ratios during daytime, as
has been reported for some other remote regions (Acker et
al., 2006a; Zhou et al., 2007; Huang et al., 2002). This is not
the case for rural and urban sites, where atmospheric HONO
mixing ratios are normally observed to continuously build up
during nighttime, presumably due to heterogeneous reactions
involving NOx and decline in the morning due to strong pho-
todissociation (e.g., Elshorbany et al., 2012, and references
therein).

The diel HONO /NOx ratio (Fig. 4a, b, third panel) shows
consistently high values during the humid period (Fig. 4a)
and significant diel variation for the dry case (Fig. 4b) with
higher values during daytime. The ratio (average of 0.33
and peak values greater than 2) is higher than that reported
for most other regions, suggesting a strong impact of local
HONO sources. Elshorbany et al. (2012) investigated data
from 15 different urban and rural field measurement cam-
paigns around the globe, and came up with a robust rep-
resentative mean atmospheric HONO /NOx ratio as low as
0.02. However, high values were observed at remote moun-
tain sites, with mean values of 0.23 (up to ≈ 0.5 in the late
morning; Zhou et al., 2007) or 0.2–0.4 at remote Arctic/polar

sites (Li, 1994; Zhou et al., 2001; Beine et al., 2001; Jacobi
et al., 2004; Amoroso et al., 2010). Legrand et al. (2014) ob-
served HONO /NOx ratios between 0.27 and 0.93 during ex-
periments with irradiated Antarctic snow, depending on radi-
ation wavelength, temperature and nitrate content. Elevated
HONO /NOx ratios at low NOx levels show the importance
of HONO formation mechanisms other than heterogeneous
NOx reactions.

5.1 Nighttime HONO accumulation

Between 18:30 and 07:30 LT HONO has an atmospheric
lifetime of more than 45 min and [OH] is low, just about
1× 105 molecules cm−3, so that the calculation of HONO
at photostationary state [HONO]pss (Reactions R1–R3) at
night is not appropriate. Instead, nighttime HONO concen-
trations can be estimated due to heterogeneous reaction of
NO2 described in Eq. (1) (Alicke et al., 2002, 2003; Su et
al., 2008b; Sörgel et al., 2011b). Three studies in different
environments from a rural forest region in eastern Germany
(Sörgel et al., 2011b) and a non-urban site in the Pearl River
Delta, China (Su et al., 2008b), to an urban, polluted site in
Beijing (Spataro et al., 2013) found a conversion rate of about
1.6 % h−1 (1.1–1.8 % h−1).

[HONO]het = [HONO]evening+ 0.016h−1
[NO2]1t (1)

[HONO]het denotes the accumulation of HONO by hetero-
geneous conversion of NO2, [HONO]evening the measured
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HONO concentration at 20:30 LT, [NO2] the measured av-
erage NO2 concentration between 20:30 and 07:30 LT, and
1t time span in hours.

Measured and calculated HONO mixing ratios are com-
pared in Fig. 4 (upper panel). During the humid period, dur-
ing nighttime the estimated (according Eq. 1; Fig. 4a, upper
panel, grey line) and observed HONO mixing ratios are in
good agreement (R2

= 0.9). During the drier period the ob-
served HONO mixing ratios were lower than the ones cal-
culated with a NO2 conversion rate of 1.6 % h−1. Here the
approach for the nighttime conversion frequency by, e.g.,
Alicke et al. (2002, 2003), Su et al. (2008b) or Sörgel et
al. (2011b) (rate= HONOt2−HONOt1

1t ·NO2
) was used. The 7-day

average conversion rate for the dry nights was 0.36 % h−1

(Fig. 4b, upper panel, black line), comparable to results
of Kleffmann et al. (2003) reporting a conversion rate of
6× 10−7 s−1 (0.22 % h−1) for rural forested land in Ger-
many.

As already mentioned above, it is apparent that HONO
mixing ratios under low-RH conditions during nighttime
were much lower than under humid conditions, and HONO
morning peaks were most pronounced (compare Fig. 4a and
b: humid/dry). HONO (Donaldson et al., 2014a) and NO2
(Wang et al., 2012; Liu et al., 2015) uptake coefficients have
recently been reported to be much stronger for dry soil and at
low RH, respectively, which is in line with HONO on Cyprus
being close to the detection limit on nights with low relative
humidity. On the other hand, it has been shown on glass and
on soil proxies that the yield of HONO formation from NO2
on surfaces is low under dry conditions but sharply increases
at RH> 30 % (Liu et al., 2015) or > 60 % (Finlayson-Pitts
et al., 2003). On Cyprus the strong morning HONO peaks
after dry nights were accompanied by an increase in rela-
tive humidity from 40 to 80 %. Deposited and accumulated
NO2 on dry soil surfaces could be released as HONO at high
rates under elevated-RH conditions. In contrast, in a humid
regime HONO mixing ratios were continuously high during
nighttime and showed less pronounced morning peaks, sug-
gesting lower nighttime deposition of NO2 and lower HONO
emissions in the morning, respectively.

As morning HONO peak mixing ratios were most pro-
nounced after dry nights on Cyprus, our observations are
to some extent contradictory to earlier results that have pro-
posed that dew formation on the ground surface may be re-
sponsible for HONO nighttime accumulation in the aqueous
phase, followed by release from this reservoir after dew evap-
oration the next morning (Zhou et al., 2002a; Rubio et al.,
2002; He et al., 2006). We cannot rule out that the latter could
have contributed to nighttime accumulation of HONO during
humid conditions, as we had no means to measure dew for-
mation at the site, and high daytime HONO mixing ratios
were observed under all humidity regimes. However, kinetic
models of competitive adsorption of trace gases and water
onto particle surfaces predict exchange behavior explicitly

distinct from the liquid phase (Donaldson et al., 2014a). The
nitrogen composition in thin water films (few water molecu-
lar monolayers) is complex, including HONO, NO, HNO3,
water–nitric acid complexes, NO+2 and N2O4 (Finlayson-
Pitts et al., 2003). With only small amounts of surface-bound
water, nitric acid is largely undissociated HNO3 and is as-
sumed to be stabilized upon formation of the HNO3–H2O
complexes (hydrates), which have unique reactivity com-
pared to nitric acid water aqueous solutions, where it is dis-
sociated H+ and NO−3 ions (Finlayson-Pitts et al., 2003).
Likewise, HONO formation rates in surface-bound water are
about 4 orders of magnitude larger than expected for the
aqueous-phase reaction (Pitts et al., 1984).

Diel HONO profiles very similar to those on Cyprus with
a late-morning maximum and late-afternoon/early-evening
minimum have been observed at the Meteorological Obser-
vatory Hohenpeissenberg, a mountain-top site in Germany
(Acker et al., 2006a) and by Zhou et al. (2007) at the sum-
mit of Whiteface Mountain in New York State. For the latter
study, formation of dew could be ruled out as relative humid-
ity was mostly well below saturation. Zhou et al. (2007) ar-
gued that the high HONO mixing ratios during morning and
late morning can be explained by mountain up-slope flow
of polluted air from the cities at the foot of the mountain
that results from ground surface heating. On Cyprus the sea
breeze, driven by the growing difference between sea and soil
surface temperature, brings air to the site which interacted
with the soil surface and vegetation and is loaded by respec-
tive trace gas emissions. This is endorsed by the simultane-
ous increase of DMS and isoprene, markers for transporta-
tion of marine air and emission by vegetation. In the late
afternoon, when the surface cools, down-welling air from
aloft would dominate, being less influenced by ground sur-
face processes. Zhou et al. (2007) could show that noontime
HONO mixing ratios and average NOy during the previous
24 h period were strongly correlated, much better than in-
stantaneous HONO /NOy or HONO /NOx , which is in line
with N accumulation on soil surfaces as discussed above.

5.2 Daytime HONO budget

During daytime (07:30 to 18:00 LT, with HONO lifetime be-
ing between 10 and 30 min), [HONO]PSS, the photostation-
ary HONO concentration resulting from gas-phase chem-
istry, can be calculated according to Eq. (2) (Kleffmann et
al., 2005):

[HONO]PSS =
k1 [OH] [NO]

k2[OH] + JHONO
, (2)

where k1 and k2 are the temperature-dependent rate constants
for the gas-phase HONO formation from NO and OH and
the loss of HONO by reaction of HONO and OH, respec-
tively (Atkinson et al., 2004; e.g., at 23.0 ◦C a typical tem-
perature during this study k1 ≈ 1.36× 10−11 cm3 s−1; k2 ≈

6.01×10−12 cm3 s−1). JHONO is the photolysis frequency of
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Figure 5. HONO budget analysis for (a) the humid and (b) the dry period. SOH+NO (black) stands for the formation rate of HONO via
the reaction of NO and OH, SHet_NO2 (yellow) is the formation rate for the heterogeneous reaction of NO2 (conversion rate a = 1.6 % h−1;
b = 0.36 % h−1), Lphot (green) and LOH+HONO (blue) are the loss rates via photolysis, and the reaction with OH and Sunknown is the
unknown source. Error bars indicate standard deviation of diel mean.

HONO, which was measured with a spectroradiometer. [NO]
is the observed NO concentration. Since OH data were avail-
able only on a few days, diel variations of [OH] were aver-
aged (see Fig. S3).

As has been previously established by many other studies
(Su et al., 2008a; Michoud et al., 2014; Sörgel et al., 2011a),
homogeneous gas-phase chemistry alone fails to reflect ob-
served HONO mixing ratios. Observed daytime values were
up to 30 times higher than calculated based on PSS, indicat-
ing strong additional local daytime sources of HONO. Lee et
al. (2013) argue that the HONO PSS assumption might over-
estimate the strength of any unidentified source if the trans-
port time from nearby NOx emission sources to the measure-
ment site is less than the time required for HONO to reach
PSS. In this study, the missing source was calculated accord-
ing to Su et al. (2008a) (Eq. 3), where PSS was not assumed.
Also in our measurements, dHONO/dt was not equal to 0,
as HONO was not at PSS.

SHONO = JHONO[HONO] + k2[OH][HONO]

− k1[OH][NO] − khet[NO2] +
1[HONO]

1t
(3)

[HONO] is the measured HONO concentration and khet the
heterogeneous conversion rate of NO2 to HONO, which was
discussed above to be 1.6 % h−1 during the wet period and
0.36 % h−1 during the dry period. 1[HONO] /1t is the ob-
served change of HONO concentration unequal to 0. The un-
certainty of the calculated missing source SHONO was esti-
mated to be about 16 % based on the Gaussian error prop-
agation of instrument uncertainties of HONO, NO, NO2, J
and OH.

Nevertheless, at the study site of Cyprus, the mean upwind
distance between the measurement site and the coastline was
about 6 km, and the mean wind velocity was about 3 m s−1.
Accordingly, the respective air mass travel time over land
is estimated to be about half an hour, which is somewhat

longer than the daytime lifetime of HONO and might pro-
vide enough time for the equilibrium processes. Furthermore
and in strong contrast to Lee et al. (2013), at the Cyprus site
the concentrations of HONO precursors (NO and OH) were
extremely low, far too low to explain the observed HONO
concentrations. In the late morning (around 10:00 LT) the
unknown source was at its maximum, with peak produc-
tion rates of up to 3.4× 106 molecules cm−3 s1 and a day-
time average of about 1.3× 106 cm−3 s−1, which is in good
agreement with other studies at rural sites, like a mountain
site at Hohenpeissenberg ((3±1)×106 cm−3 s−1, at NOx ≈
2 ppbv; Acker et al., 2006a), a deciduous forest site in Jülich
(3.45× 106 molecules cm−3 s−1, at NO ≈ 250 pptv; Kleff-
mann et al., 2005) and a pine forest site in southwest Spain
0.74× 106 molecules cm−3 s−1, at NOx ≈ 1.5 ppbv; Soergel
et al., 2011a) but smaller than at urban sites in Houston
(4–6× 106 cm−3 s−1, at NOx ≈ 6 ppbv; Wong et al., 2012),
Beijing (7× 106 cm−3 s−1, at NOx ≈ 15 ppbv; Yang et al.,
2014) and southern China (5.25± 3.75× 106 cm−3 s−1, at
NOx ≈ 20 ppbv (Li et al., 2012), or 1–4× 107 cm−3 s−1, at
NOx ≈ 35 ppbv (Su et al., 2008a)).

The contributions of gas-phase reactions and the hetero-
geneous reaction of NO2 (conversion rate a 1.6 % h−1 and
b 0.36 % h−1) to the HONO budget are illustrated in Fig. 5
exemplarily. For both periods the contributions are quiet sim-
ilar; just the absolute values are different. To compensate
the strong loss via photolysis, a comparably strong unknown
source is necessary as the heterogeneous NO2 conversion or
the gas-phase reaction of OH and NO is insignificant.

In polluted regions with moderate to high NOx concentra-
tions, HONO sources have often been linked with [NO2] or
[NOx] (Acker et al., 2005; Li et al., 2012; Levy et al., 2014;
Sörgel et al., 2011a; Wentzel et al., 2010). Under the prevail-
ing low-NOx conditions during CYPHEX (< 250 pptv), cor-
relation analysis (see Table 1) of SHONO with [NO2] (R2

=

0.50) and [NO2] ·RH (R2
= 0.51) indicate no significant im-
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Table 1. Linear correlation factors (Pearson correlation, R2) of HONO and the unknown source SHONO to meteorological factors and
different NOx parameters.

During the whole campaign
Time-of-day average

HONO SHONO HONO SHONO

T 0.006 0.125 0.488 0.214
RH 0.077 0.005d 0.092 0.103
Heat flux 0.261 0.300 0.617c 0.585c

JNO2 0.263 0.395 0.718b 0.672b

NO 0.242 0.154 0.857a 0.600c

NO2 0.052 0.078 0.620c 0.496
NO2 ·RH 0.126 0.111 0.638c 0.505c

NO2 ·RH · aerosol surface 0.095 0.092 0.256 0.579c

NO2 · J 0.191 0.164 0.828a 0.813a

NO2 ·RH · J 0.266 0.221 0.850a 0.807a

NO2 ·RH · J · aerosol surface 0.221 0.204 0.806a 0.814a

SNO 0.012 −0.015d

During the humid period During the dry period
Time-of-day average Time-of-day average

HONO SHONO HONO SHONO HONO SHONO HONO SHONO

T 0.006 0.116 0.031 0.123 0.120 0.016 0.453 −0.004
RH 0.000 0.081d 0.010d 0.146d 0.374 0.193 0.730b 0.603c

Heat flux 0.110 0.243 0.184 0.591c 0.502c 0.335 0.685b 0.634c

JNO2 0.150 0.465 0.245 0.669b 0.678b 0.320 0.829a 0.664b

NO 0.168 0.135 0.418 0.650b 0.487 0.301 0.730b 0.409
NO2 0.066 0.065 0.300 0.267 0.037 0.003d 0.619c 0.174
NO2 ·RH 0.084 0.048 0.294 0.171 0.161 0.010 0.714b 0.456
NO2 ·RH · aerosol surface 0.047 0.072 0.111 0.250 0.241 0.085 0.557c 0.551c

NO2 · J 0.214 0.261 0.427 0.845a 0.358 0.016 0.872a 0.603c

NO2 ·RH · J 0.231 0.244 0.467 0.775b 0.434 0.068 0.820a 0.703b

NO2 ·RH · J · aerosol surface 0.140 0.152 0.465 0.795b 0.414 0.130 0.664b 0.631c

SNO 0.294 0.720b 0.059 0.094

a Highly correlated: R2 > 0.8 (in bold font). b Moderately correlated: 0.65<R2 < 0.8 (in italic font). c Poorly correlated: 0.5<R2 < 0.65 (in normal font).
d Anti-correlated.

pact of instantaneous heterogeneous formation of HONO
from NO2. Better correlations of SHONO with JNO2 (R2

=

0.67) and JNO2 · [NO2] (R2
= 0.82) indicate a photo-induced

conversion of NO2 to HONO as already suggested by George
et al. (2005) or Stemmler et al. (2006, 2007). Lee et al. (2016)
found even lower correlation with [NO2] (R2

= 0.0001) but
similar good correlation with JNO2 · [NO2] (R2

= 0.70) at an
urban background site in London. Other light-dependent re-
actions such as the photolysis of nitrate might additionally
contribute to high daytime HONO. It is unlikely that aerosol
surfaces played an important role in heterogeneous conver-
sion of NO2 as the mean observed aerosol surface concentra-
tion was only about 300 µm2 cm−3. Based on a formula for
photo-enhanced conversion of NO2 on humic acid aerosols
which was derived by Stemmler et al. (2007), a HONO for-
mation rate of only 5.1× 102 molecules cm−3 s−1 can be es-
timated. Likewise, Sörgel et al. (2015) showed that HONO
fluxes from light-activated reactions of NO2 on humic acid

surfaces at low NO2 levels (< 1 ppb and thus comparable
to concentrations observed in this study) saturated at around
0.0125 nmol m−2 s−1. Therefore heterogeneous aerosol sur-
face reactions can be neglected as HONO sources at the pre-
vailing low NOx levels.

Likewise, the nitrate concentrations of highly acidic ma-
rine aerosols particulate matter as measured by HR-ToF-
AMS (PM1 fraction, mean of 0.075 µg m−3) were too low
to account for significant photolytic HONO production
(1.7× 102 molecules cm−3 s−1 or 0.01 % of SHONO) calcu-
lated by Eq. (4):

Sphoto_NO−3
= [NO−3 ] · JNO−3

, (4)

with Sphoto_NO−3
being the source strength of HONO by pho-

tolysis of nitrate, [NO−3 ] the mean particulate nitrate concen-
tration and JNO−3

the photolysis frequency of nitrate (aque-

ous) at noon (3× 10−7 s−1; Jankowski et al., 1999).
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Recently an enhancement of the photolysis frequency of
particulate nitrate relative to gaseous or aqueous nitrate was
found (Ye et al., 2016). But even with this enhanced rate
of 2× 10−4 s−1 no more than 1.1× 105 molecules cm−3 s−1

(8 % of SHONO) HONO would be produced.

5.3 Common daytime source of HONO and NO

During CYPHEX, good correlation was found between
[HONO] or SHONO and [NO] (R2

= 0.86 and 0.60, respec-
tively), indicating that both may have a common source. A
missing source of NO can be calculated as shown in Eq. (5).

SNO = k1[OH][NO] + k3[HO2][NO] + k4[O3][NO]
+ k5[RO2][NO] − JNO2 [NO2] − JHONO[HONO]

+
1[NO]
1t

(5)

k3 and k4 are the temperature-dependent rate constants for
the reaction of NO with HO2 and O3, respectively (Atkinson
et al., 2004; at 23 ◦C: k3 ≈ 8.96×10−12 cm3 s−1; k4 ≈ 1.68×
10−14 cm3 s−1); k5 is the rate constant for the reaction of NO
and organic peroxy radicals which was assumed to be the
same as for the reaction NO+CH3O2 (7.7× 10−12 cm3 s−1

at 298 K; Ren et al., 2010; Sander et al., 2011). Like [OH],
[HO2] was also measured only on a few days, and therefore
mean diel data were used (Fig. S3). Total [RO2] was esti-
mated to be maximum 1.6 · [HO2] (Ren et al., 2010; Hens et
al., 2014). Using a RO2 /HO2 ratio of 1.2, the absolute val-
ues of SNO are reduced by 0.3 to 5.5 %. The budget analysis
for NO for both humidity regimes is illustrated in Fig. S4.

For NOx , an unexpected deviation from the PSS, or
Leighton ratio, of clean marine boundary layer air has been
observed previously, invoking a hitherto unknown NO sink,
or pathway for NO to NO2 oxidation, other than reactions
with OH, HO2, O3 and organic peroxides (Hosaynali Beygi
et al., 2011). On Cyprus, two different atmospheric hu-
midity regimes can be differentiated. Under dry conditions
(RH< 70 %, yellow boxes in Fig. 3) and higher NOx concen-
trations (> 150 pptv) SNO is negative, implying a net NO sink
of up to 6.4× 107 molecules cm−3 s−1 resembling the above-
mentioned PSS deviations in remote marine air masses (see
Figs. 6 and 7). However, during humid conditions (RH> 70,
blue boxes in Fig. 3) SNO was positive with values of up
to 5.1× 107 molecules cm−3 s−1. Due to low and invariant
acetonitrile levels, anthropogenic activity and local biomass
burning can be excluded as an NO source at this specific site.
A net NO source during humid conditions is assumed to re-
sult from (biogenic) NO emission from soil. As shown in
Fig. 8, the SHONO and SNO (time-of-day average, excluding
3 days as there are transition days (25 July and 2 August)
or the RH changed too quickly (15 July)) were highly corre-
lated (R2

= 0.72), indicative of both reactive N compounds
being emitted from the same local source. Both HONO and
NO have been reported to be released from soil, with a strong
dependency on soil water content (Su et al., 2011; Oswald et

Figure 6. NO2 (color-coded) and RH dependence of the sources of
NO (SNO) and HONO (SHONO).

al., 2013; Mamtimin et al., 2016). The (dry-state) soil hu-
midification threshold level for NO emission is reported to
be somewhat higher than for HONO (Oswald et al., 2013),
which might explain why a net NO source was preferentially
calculated for higher-relative-humidity conditions, while for
HONO a daytime source under all humidity regimes prevail-
ing during the campaign was found. Mamtimin et al. (2016)
investigated HONO and NO emissions of natural desert soil
and with grapes or cotton cultivation soils in an oasis in the
Taklamakan Desert in the Xinjiang region in China. After ir-
rigation they did not find direct emission, but when the soil
had almost dried out (gravimetric soil water content: 0.01–
0.3) emissions up to 115 ng N m−2 s−1 were detected. In ad-
dition they observed soil-temperature-dependent emission of
reactive nitrogen. Analyzing microbial surface communities
from drylands, Weber et al. (2015) observed highly corre-
lated NO–N and HONO–N emissions with Spearman rank
correlation coefficients ranging between 0.75 and 0.99. In
this study, NO and HONO emissions were observed in drying
soils with water contents of 20–30 % water holding capacity.

Even though we cannot make firm conclusions regarding
the exact mechanism of HONO formation, the abovemen-
tioned correlation analysis (and Table 1) reveal that the in-
stantaneous heterogeneous NO2 conversion is not a signifi-
cant HONO source. We propose that HONO is emitted from
nitrogen compounds being accumulated on mountain slope
soil surfaces produced either biologically by soil microbiota
or from previously deposited NOy . This forms the major
daytime HONO source responsible for morning concentra-
tion peaks and consistently high daytime mixing ratios at the
Cyprus field site. While biological formation is assumed to
be more relevant for humid conditions, physical NOy accu-
mulation can be assumed to be stronger under dry conditions,
as uptake coefficients for a variety of trace gases were shown
to be significantly higher for dry surfaces, among them NO2
(Wang et al., 2012; Liu et al., 2015), HONO (Donaldson et
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Figure 7. Diel profile of both unknown sources, SHONO (a) and SNO (b), for all data, humid (excluding transition days, 25 July and 2 August,
and 15 July as RH conditions changed too quickly) and dry periods. Error bars indicate standard deviation of diel average.

al., 2014a) and HCHO (Li et al., 2016). The strongest HONO
morning peaks observed after dry nights were accompanied
by an increase in relative humidity driven by the sea breeze
(Fig. 4b), so we consider HONO as being released preferen-
tially under favorable humid conditions.

5.4 Primary OH production

Many studies showed high contribution of HONO photoly-
sis to the OH budget (up to 30 % on average daily; Alicke et
al., 2002; Ren et al., 2006). Here, the primary OH produc-
tion rates are calculated based on the main OH-forming re-
actions, which are the photolysis of O3 and subsequent reac-
tion with water (Reactions R6, R7), the photolysis of HONO
(Reaction R2) and the reaction of alkenes with ozone (Reac-
tion R8).

O3
hv(< 340 nm)
−→ O

(
1D

)
+O2 (R6)

O
(

1D
)
+H2O→ 2OH (R7)

alkene+O3→ OH+ other products (R8)

Reaction rates were taken from Atkinson et al. (2004) and
Atkinson (1997). The water pressure over water was calcu-
lated according to Murphy and Koop (2005). Reactions of
O(1D) and HO2 not forming OH are also considered. OH
formation yields of the reactions of alkenes with O3 were
taken from Paulson et al. (1999). Photolysis rates (J val-
ues) and concentrations of relevant compounds were as mea-
sured on Cyprus. Isoprene, α-pinene, β-pinene, 13-carene
and limonene (VOC) were taken into account as the most
relevant alkenes.

The results of this study are shown in Fig. 9. All
three production routes show a clear diel profile with
higher production rates during daytime. In the night
only the reaction of alkenes with O3 produced signifi-
cant amounts of OH (2× 104 molecules cm−3 s−1). With
sunrise the other sources become more relevant. During
daytime the photolysis of HONO generates about 1.5×
106 molecules OH cm−3 s−1, which is about 10 times higher
than the ozonolysis of alkenes at that time. The maximum
OH production rate by O3 photolysis during daytime is
about 1.3× 107 molecules cm−3 s−1. In the morning (06:00–
08:00 LT) and evening hours (19:00–20:00 LT) the contribu-
tion of HONO photolysis to the primary OH production is on
average 37 % (see Fig. 9b) with peak values of 65 %, which
is much higher than the contribution of O3 photolysis at that
time. During the rest of the day the contribution of HONO
decreases to 12 %. At noon the most dominant OH source is
the photolysis of O3 (more than 80 %), while the contribution
of the ozonolysis of alkenes is almost negligible (1–2 %). A
complete and detailed HOx budget analysis with CYPHEX
data will be published soon.

6 Conclusion

Nitrous acid was found in low concentrations on the east
Mediterranean island of Cyprus during summer 2014. Day-
time concentrations were much higher than during the night
and about 30 times higher than would be expected by budget
analysis based on photostationary state. The unknown source
was calculated to be about 1.9× 106 molecules cm−3 s−1

around noon. Low NOx concentrations, high HONO /NOx
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Figure 8. Correlation of SHONO to light-induced NO2 reaction (for both periods; humid: blue triangle; dry: orange square), to NO and
SNO (only for humid period, excluding the transition days – 25 July and 2 August – and the day with quickly changing RH – 15 July);
time-of-day-average data were used.

Figure 9. Average diel pattern of primary OH production from HONO, O3 and VOC, shown as (a) production rate and (b) percentage
contributions to primary OH production.
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ratio and low correlation between HONO and NO2 indicate
a local source which is independent of NO2. Heterogeneous
reactions of NO2 on aerosols play an insignificant role during
daytime. Emission from soil, caused either by photolysis of
nitrate or gas–soil partitioning of accumulated nitrite/nitrous
acid, is supposed to have a higher impact on the HONO con-
centration during this campaign. Also the NO budget analy-
sis showed a missing source in the humid period, which cor-
relates well with the unknown source of HONO, indicating a
common source. The most likely source of HONO and NO
is the emission from soil.

Even though the HONO concentration is only in the lower
pptv level, it has a high contribution to the primary OH pro-
duction in the early morning and evening hours.

7 Data availability

Readers who are interested in the data should contact the
authors: Hang Su (h.su@mpic.de) or Hannah Meusel (han-
nah.meusel@mpic.de).

The Supplement related to this article is available online
at doi:10.5194/acp-16-14475-2016-supplement.
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Fig. S1: Fires (red dots) detected during the whole measurement campaign from 7.7.2014 to 3.8.2014 

(NASA FIRMS Web fire mapper). 



  

Fig. S2: NOx concentrations in dependence of wind direction and time of day (a) all data, except 5 data 

points which were between 25 and 50 ppb and b) zoom in to maximum 5 ppb): Strong morning peaks in 

NO and NO2 correlate with wind, coming from SSE (Diesel generator), in the afternoon there were also 

some higher NOx concentrations which correlate with SW-winds (probably indicating some construction 

or military cars close to the measurement) or NNE to E (street to the base); these high concentrations were 

not included in further calculations! Only concentrations up to 1 ppb (for NO2, pale yellow area) and up to 

0.5 ppb (for NO) are considered.  



 

Fig. S3: timeline of OH and HO2 concentration, black dots indicate real measurement data, blue line is the 

daily Gauss fit through measurement dots or the average of Gauss fit for those days when no data were 

available, respectively.  

 

 

 

 

 

 

 



 

Fig. S4: Contributions of production and loss terms as well as the unknown daytime NO source Sunknown for 

the a) wet and b) dry period. The photolysis of NO2 has the highest contribution to the NO budget. In the 

wet period the unknown source of NO is about 40-80% of the photolysis of NO2. During the dry period 

there is an unknown sink. The main loss terms are the reaction with O3 followed by the reaction with RO2 

and HO2. Error bars indicate standard deviation.   
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Abstract. Soil and biological soil crusts can emit nitrous acid (HONO) and nitric oxide (NO). The terrestrial ground 14 

surface in arid and semi-arid regions is anticipated to play an important role in the local atmospheric HONO budget, 15 

deemed to represent one of the unaccounted HONO sources frequently observed in field studies. In this study HONO 16 

and NO emissions from a representative variety of soil and biological soil crust samples from the Mediterranean 17 

island Cyprus were investigated under controlled laboratory conditions. A wide range of fluxes was observed, 18 

ranging from 0.6 to 264 ng m
-2

 s
-1

 HONO-N at optimal soil water content (20-30% of water holding capacity, WHC). 19 

Maximum NO-N at this WHC fluxes were lower (0.8-121 ng m
-2

 s
-1

). Highest emissions of both reactive nitrogen 20 

species were found from bare soil, followed by light and dark cyanobacteria-dominated biological soil crusts 21 

(biocrusts), correlating well with the sample nutrient levels (nitrite and nitrate). Extrapolations of lab-based HONO 22 

emission studies agree well with the unaccounted HONO source derived previously for the extensive CYPHEX field 23 

campaign, i.e., emissions from soil and biocrusts may essentially close the Cyprus HONO budget.   24 

 1 Introduction 25 

Nitrous acid (HONO) plays an important role in tropospheric chemistry, as it is one of the major precursors of the 26 

hydroxyl (OH) radical which determines the oxidizing capacity of the atmosphere. In the early morning, HONO 27 

photolysis has been shown to contribute up to 30% to the local OH budget (Alicke et al., 2002; Kleffmann et al., 28 

2005; Ren et al., 2003 and 2006; Meusel et al., 2016). Currently, the HONO formation processes, especially during 29 

daytime, are still not fully understood. Recent ground based field measurements showed unexpected high daytime 30 

concentrations of HONO, which could not be explained by atmospheric gas phase reactions (R1-R3) only 31 

(Kleffmann et al., 2003 and 2005; Su et al., 2008a; Soergel et al., 2011a; Su et al., 2011; Michoud et al., 2014; 32 

Czader et al., 2012; Wong et al., 2013; Tang et al., 2015; Oswald et al., 2015, Meusel et al., 2016). 33 

OH + NO → HONO         (R1) 34 

HONO 
hv (300−405 nm)
→             OH + NO      (R2) 35 
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HONO + OH → NO2 + H2O      (R3) 1 

Several studies have shown that HONO can be heterogeneously formed from NO2 on a variety of surfaces, e.g., soot, 2 

humic acid, minerals, proteins and organically coated particles (Ammann et al., 1998; Arens et al., 2001; Aubin et 3 

al., 2007; Bröske et al., 2003; Han et al., 2013; Kalberer et al., 1999; Kleffmann et al., 1999; Kleffmann and Wiesen, 4 

2005; Lelievre et al., 2004; Kinugawa et al., 2011; Liu et al., 2015; Wang et al., 2003; Yabushita et al., 2009; Meusel 5 

et al., 2017). Light can activate some of these surfaces (humic acid, proteins and other organic compounds, titanium 6 

dioxide, soot), which enhances NO2 uptake and HONO production (George et al., 2005; Langridge et al., 2009; 7 

Monge et al., 2010; Ndour et al., 2008; Ramazan et al., 2004; Stemmler et al., 2007; Kebede et al., 2013; Meusel et 8 

al., 2017). But NO2 uptake coefficients and the ambient aerosol surface areas for heterogeneous reactions of NO2 9 

were nevertheless frequently found to be too low to account for the observed HONO production rates (Stemmler et 10 

al., 2007; Sarwar et al., 2008; Zhang et al., 2016). Besides the heterogeneous NO2 reaction, Bejan et al. (2006) 11 

observed HONO formation during irradiation of nitrophenols. Photolysis of nitrate or nitric acid generates HONO as 12 

well (Baergen and Donaldson, 2013; Scharko et al., 2014; Zhou et al., 2003, 2011). Contrary to the detected missing 13 

HONO source near the ground, recent airborne measurements (500 – 1200 m above ground level) observed HONO 14 

concentrations, which could be explained by gas phase reactions only (Li et al., 2014; Neuman et al., 2016). 15 

However, vertical gradient studies show higher HONO concentrations near the ground than in higher altitudes 16 

indicating a ground level source (Harrison and Kitto, 1994; Kleffmann et al., 2003; Ren et al., 2011; Stutz et al., 17 

2002; VandenBoer et al., 2013; Villena et al., 2011; Zhou et al., 2011; Wong et al., 2012 and 2013; Vogel et al., 18 

2003; Zhang et al., 2009; Young et al., 2012). This is supported by gas exchange studies showing that HONO and 19 

NO can be emitted from (natural) soil and biological soil crusts (biocrusts, BSC), even without applying atmospheric 20 

NO2 (Su et al., 2011; Oswald et al., 2013; Mamtimin et al., 2016; Weber et al., 2015; Meixner and Yang, 2006). 21 

HONO and NO can be formed during biological processes (nitrification and denitrification; Pilegaard, 2013), in 22 

which NH3 or NH4
+
 is oxidized stepwise or NO3

-
 is reduced (Fig. 1). Depending on soil-pH and according to Henry´s 23 

law soil nitrite (NO2
-
) can be converted into gaseous HONO.  24 

Biocrusts grow within the uppermost millimeters to centimeters of soil in arid and semi-arid ecosystems. They are 25 

composed of photoautotrophic cyanobacteria, algae, lichens, and bryophytes, growing together with heterotrophic 26 

bacteria, fungi and archaea in varying proportions (Belnap et al., 2016). Depending on the dominating 27 

photoautotrophs,  cyanobacteria-dominated biocrusts with an initial thin light-colored and a well-developed dark 28 

type, cyanolichen- and chlorolichen-dominated biocrusts with lichens comprising cyanobacteria or green algae as 29 

photobionts, and bryophyte-dominated biocrusts are distinguished (Büdel et al., 2009). Many free living 30 

cyanobacteria but also those in symbiosis with fungi (forming lichens) and vascular plants can fix atmospheric 31 

nitrogen N2 and convert it into ammonia (Cleveland et al., 1999; Belnap 2002; Herridge et al., 2008; Barger et al., 32 

2016). Globally it is estimated that 100-290 Tg (N) yr
-1

 is fixed biologically (Cleveland et al., 1999), of which 49 Tg 33 

yr
-1

 (17-49%) is fixed by cryptogamic covers, which comprise biocrusts, but also other microbially dominated 34 

biomes, like lichen and bryophyte communities occurring on soil, rocks and plants in boreal and tropical regions 35 

(Elbert et al., 2012). Studies hav suggested, that nitrogen cycling in soil (N2 fixation, nitrification, denitrification) 36 

and hence reactive nitrogen emission (NO, N2O, HONO) is often enhanced by well-established biocrusts, especially 37 
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by dark cyanobacteria (Cleveland et al., 1999; Elbert et al., 2012; Belnap, 2002; Barger et al., 2013; Johnson et al., 1 

2005; Abed et al., 2013; Strauss et al., 2012; Weber et al., 2015). 2 

In Cyprus, an island in the semi-arid eastern Mediterranean area, biocrusts are ubiquitously covering ground surfaces 3 

and hence can be anticipated to play an important role in the local HONO budget. In the CYPHEX campaign 2014 4 

(CYprus PHotochemical EXperiment) the observed diel cycles of HONO ambient air concentrations revealed strong 5 

unaccounted sources of HONO and NO, being well correlated with each other (Meusel et al., 2016). With low NO2 6 

concentrations and high HONO/NOx ratios, respectively, direct emissions from combustion and heterogeneous 7 

reactions of NO2 could be excluded as significant HONO sources, leaving emissions from soil and the respective 8 

surface cover to be the most plausible common source for both nitrogen species (Meusel et al., 2016).  9 

In the present study we measured HONO and NO fluxes from soil and biocrust samples from Cyprus by means of a 10 

dynamic chamber system. The aim of this study was to characterize and quantify direct trace gas emissions and 11 

demonstrate their impact on the atmospheric chemistry in the remote coastal environment of Cyprus.    12 

2 Methods 13 

2.1 Sampling 14 

Bare soil and biocrust samples were collected on 27th April 2016 on the South/South-East side of the military station 15 

in Ineia, Cyprus (34.9638°N, 32.3778°E), where the CYPHEX campaign took place in 2014. It is a rural site about 16 

600 m above sea level, approximately 5-8 km from the coast and is surrounded by typical Mediterranean vegetation 17 

(olive and pine trees, small shrubs like Pistacia lentiscus, Sacopoterium spinosum and Inula viscosa). More details 18 

about the site can be found in Meusel et al. (2016).  19 

In an area of about 8580 m² (South/South-East direction of the station) 50 grids (25x25 cm) were placed at randomly 20 

selected spots for systematic ground cover assessment. At each grid point occurrence of nine types of surface cover 21 

(i.e., light and dark cyanobacteria-, chlorolichen-, cyanolichen-, and moss-dominated biocrust, bare soil, stone, litter, 22 

vascular vegetation/shrub) were assigned and quantified. Spatially independent replicate samples were collected of 23 

light cyanobacteria-dominated biocrusts (light BSC), dark cyanobacteria-dominated biocrusts with cyanolichens 24 

(dark BSC), chlorolichen-dominated biocrusts (chlorolichen BSC I, chlorolichen BSC II), moss-dominated biocrusts 25 

(moss BSC) and of bare soil (Fig. S1 of the supplement). Each sample was collected in a plastic petri dish, sealed 26 

and stored in the dark at room temperature until further analysis (storage time less than 15 weeks).  27 

In total 43 samples were collected (Table 1) of which 18 samples, i.e., 3 replicates of each HONO emitting surface 28 

cover type were used direct (upfront) for nutrient analysis, while all others were first used for trace gas exchange 29 

measurements, prior to nutrient and chlorophyll content analysis.   30 

2.2 Meteorological data 31 

During CYPHEX the meteorological parameters were even measured at about 5 m above ground, considered not 32 

representative for the micro-habitat of the soil ground surface. Hence we placed three humidity (and temperature) 33 

sensors (HOBO Pro v2) just on top of the soil surface about 4 weeks prior to sample collection. Reference 34 

meteorological data (air temperature, humidity and precipitation) from Paphos airport (about 20 km south of the 35 
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sample area, 12 m asl) and Prodromos (about 40 km east of the sampling area, 1380 m asl) during the sampling 1 

period as well as the precipitation data from the last 4 years (2013-2016) were provided by the Department of 2 

Meteorology, Cyprus 3 

(http://www.moa.gov.cy/moa/ms/ms.nsf/DMLmeteo_reports_en/MLmeteo_reports_en?opendocument; last access: 4 

Dec. 2016).  5 

2.3 Soil characteristics: nutrient, chlorophyll and pH 6 

Soil characteristics (nutrient, pH) have an effect on soil emission, e.g., higher nutrient level and lower pH would 7 

enhance emission according to Henry law (Su et al., 2011). Nutrient analysis was conducted on samples without gas 8 

exchange measurements (n = 3) and on replicate samples after gas exchange measurements in order to analyze 9 

potential effects of the applied 'wetting-drying' cycle. Nitrate (NO3
-
), nitrite (NO2

-
) and ammonium (NH4

+
) were 10 

analyzed via flow injection analysis with photometric detection (FIAstar 5000, Foss, Denmark). Prior to that, the 11 

samples comprised of soil and its biocrust-cover were gently ground and an aliquot of 7 g was solved in 28 mL of 12 

0.0125 M CaCl2. After shaking for 1 hour the mixture was filtered on a N-free filter.   13 

Chlorophyll analysis, as an indicator of biomass of photo-autotrophic organisms, was done according to the dimethyl 14 

sulfoxide (DMSO) method (Ronen and Galun, 1984). Ground samples were extracted twice with CaCO3 saturated 15 

DMSO (20 mL, 10 mL) at 65°C for 90 min. Both extracts were combined and centrifuged (3000 G) at 15°C for 10 16 

min. The light absorption at 648, 665 and 700 nm was detected with a spectral photometer (Lambda 25 UV/VIS 17 

Spectrometer, Perkin Elmer, Rodgau). The amount of chlorophyll a (Chla) was calculated according to Arnon et al. 18 

(1974). Chlorophyll a+b (Chla+b) content was calculated according to Lange, Bilger and Pfanz (pers. comm. in Weber 19 

et al., 2013): 20 

Chla+b[μg] =  (20.2 ∙ (E648 − E700) + 8.02 ∙ (E665 − E700)) ∙ a   (eq.1) 21 

Chla[μg] =  (12.19 ∙ (E665 − E700)) ∙ a    (eq.2) 22 

where Chla+b[μg], Chla[μg] is the chlorophyll content of the sample, E648, E665, E700 are light absorption at the given 23 

wavelength, and a is the amount of DMSO used in mL. 24 

The pH was determined for each surface cover type (n = 3-4) according to Weber et al. (2015, Suppl.). Here, 1.5 g of 25 

the ground sample was mixed with 3.75 mL of pure water and shaken for 15 min. Then the slurry was centrifuged 26 

(3000 G, 5 min) to separate the solid phase from the liquid solution. The latter was used for pH determination by 27 

means of a pH electrode (Inlab Export Pro-ISM, Mettler Toledo).  28 

2.4 Trace gas exchange measurements 29 

The dynamic chamber method for analyzing NO and HONO emissions from soil samples was already introduced 30 

before (Oswald et al., 2013; Weber et al., 2015; Wu et al., 2014). Soil and biocrust samples (25-35 g) were wetted 31 

with 8-13 g of pure water (18.2 MΩ) up to water holding capacity and placed into a dynamic Teflon film chamber 32 

(≈47 L) flushed with 8 L min
-1

 dry pure air (PAG 03, Ecophysics, Switzerland). Typical drying cycles lasted between 33 

6 and 8 hours. A Teflon coated internal fan ensured complete mixing of the chamber headspace volume. During the 34 

experiments the chamber was kept at constant temperature (25°C, the mean daytime air temperature during 35 

CYPHEX) and in darkness to avoid photochemical reactions. At the chamber outlet the emitted gases HONO, NO 36 
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and water vapor were quantified. HONO was analyzed with a commercial long path absorption photometer (LOPAP, 1 

QUMA GmbH; Wuppertal, Germany), with a detection limit of ~4 ppt and 10% uncertainty (based on the 2 

uncertainties of liquid and gas flow, concentration of calibration standard and regression of calibration). To avoid 3 

any transformation of HONO in the tubing, the sampling unit including the stripping coil from LOPAP was directly 4 

connected to the chamber. NOx (NO + NO2) was detected with a commercial chemiluminescence detector (42i TL, 5 

Thermo Scientific; Watham, USA) modified with a photolytic converter with a detection limit of ~50 ppt (NO) and 6 

~200 ppt (NO2). An infrared CO2 and H2O analyzer (Li-840A, LICOR; Lincoln, USA) was used to log the drying 7 

and to calculate the soil water content (SWC) of the samples as follows:  8 

𝑆𝑊𝐶(𝑊𝐻𝐶) =
𝑚𝐻2𝑂,𝑡=𝑛

𝑚𝐻2𝑂,0
∗ 100      (eq. 3) 9 

𝑚𝐻2𝑂,𝑡=𝑛 = 𝑚𝐻2𝑂,𝑡=𝑛−1 −
𝑆𝐿𝑖𝑐𝑜𝑟,𝑡=𝑛

∑ 𝑆𝐿𝑖𝑐𝑜𝑟
𝑡=𝑁
𝑡=0

∗ 𝑚𝐻2𝑂,0    (eq. 4) 10 

with t=0 denoting the measurement start (wetted sample inserted into chamber), t=n: any time between 0 and N, t=N: 11 

time when sample had dried out and measurement was stopped, SLicor: absolute H2O signal at a given time, mH2O,0: 12 

mass of water added to sample (water holding capacity, WHC), SWC: soil water content in % WHC. 13 

2.5 Data analysis 14 

Measured data of NO2
-
, NO3

-
, NH4

+
, Chla+b, Chla, NO and HONO optimum flux and NO and HONO integrated flux 15 

did not follow a normal distribution. Rather, log-transformed data were normally distributed (Shapiro-Wilk) and 16 

therefore used for statistical analysis (Pearson correlation, ANOVA including Tukey Test with significance level of p 17 

= 0.05) executed with OriginPro (version 9.0; OriginLab coporation, Northampton, Massachusetts, USA).  18 

Precipitation data from the last 4 years (2013-2016) provided by the Department of Meteorology of Cyprus indicate 19 

about 30 rain events per year (precipitation > 1 mm with following one or more dry days) were used to estimate 20 

annual emissions of total nitrogen by way of HONO and NO. 21 

3 Results and discussion 22 

3.1 Meteorological conditions 23 

One month before sampling, three sensors measuring temperature and relative humidity directly above the soil 24 

surface were installed in the field to represent the micro-climate of the ground surface. Reference air temperature, 25 

humidity and precipitation measurements at Paphos airport and Prodromos showed one rain event on 11-12 April 26 

which is reflected by higher soil humidity (80-100%) and lower temperatures on these days (see Fig. 2). As a 27 

consequence, the biological soil crusts were activated and went through one full wetting and drying cycle before 28 

sample collection. Temperature above the soil ranged from 10°C in the night to 50°C during the day when solar 29 

radiation was most intense. Air temperature was similar during the night but not as hot during the day ranging 30 

between 20° and 30°C. Humidity above the ground was low during daytime (<30% rH) and increased during the 31 

night up to 80%, while the atmospheric relative humidity (at Paphos airport) ranged between 47 and 73% (without 32 

rain event). Thus there were only little variations of humidity with height above the soil surface. Above the ground 33 

surface the relative humidity was somewhat lower during the day (mainly caused by higher temperatures) but 34 
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somewhat higher during the night, compared to respective weather station data. During and shortly after the main 1 

rain event humidity at ground level was higher (80 and 100% rH) compared to ambient air humidity (70-85% rH). 2 

Ambient air temperatures were somewhat lower during sample collection of this study as compared to the CYPHEX 3 

field campaign in 2014. During CYPHEX, nighttime temperatures (3 m above ground level) did not drop below 4 

18°C. Relative humidity (3 m above ground level) was mostly between 70 and 100% with only two short periods 5 

with humidity between 20-60% rH. Hence we can assume that soil surface temperatures were higher and ground rH 6 

in the same range during CYPHEX compared to sampling period.  7 

3.2 Cyprus soil and biocrust characteristics 8 

Systematic mapping of surface covers revealed that moss-dominated biocrusts are the most frequent in the 9 

investigated Cyprus field site area (21.3%), followed by light (10.4%) and dark BSC (6.5%), whereas chlorolichen- 10 

(3.2%) and cyanolichen-dominated BSC (1.8%) only played a minor role (Fig. 3, Fig. S1). The soil surface was 11 

partially covered by litter (26.3%), stones (19.5%) and vascular vegetation (8.5%), whereas open soil was rarely 12 

found (2.5%). It was previously established that soil and biocrusts emit HONO and NO (Weber et al., 2015; Oswald 13 

et al., 2013), jointly accounting for 45.6% of surface area in our studied region. To the best of our knowledge, no 14 

data on reactive nitrogen emissions from vascular vegetation and plant litter have been published yet.   15 

Nutrient analysis revealed large variations in concentrations of nitrogen species ranging from 0 to 6.48, 0 to 0.57 and 16 

0 to 22.2 mg (N) kg
-1

 of dry soil/crust mass for NO3
-
, NO2

-
, and NH4

+
, respectively (Fig. 4a, Tab. S1 of the 17 

supplement). In general, no significant change in reactive nitrogen contents was found before and after the trace gas 18 

exchange experiments (Fig. 4a), indicating no significant impact of one wetting-drying cycle on the nutrient content. 19 

Bare soil samples had significantly higher levels of NO3
-
 and NO2

-
 content compared to dark, chlorolichen and moss 20 

BSC. Among the latter three, no significant differences in nutrient levels were observed. Light BSC had NO2
-
 21 

contents similar to bare soil. The NH4
+ 

content
 
was very similar in all samples, except for one outlier in the group of 22 

light BSC with strongly elevated NH4
+
. Higher nitrate and ammonium levels in bare soil compared to crust-covered 23 

samples were also reported recently for a warm desert site in South Africa (Weber et al., 2015), indicative of nutrient 24 

consumption/integration by the biocrusts. Nitrite, on the other hand, was lower for bare soil samples compared to 25 

biocrust samples. While NO3
-
 was slightly higher, NH4

+
 and NO2

-
 contents (especially of bare soil samples) were 26 

lower in the South African arid ecosystem compared to Cyprus.   27 

Chlorophyll was only determined in the samples used for flux measurements. Chla ranged from 4.1 (bare soil) to 28 

144.2 mg m
-2

 (moss BSC) and Chla+b from 9.3 (bare soil) to 211.3 mg m
-2

 (moss BSC), respectively (Fig. 4b, Tab. 29 

S1). From bare soil, via light BSC and chlorolichen BSC II, to dark BSC the chlorophyll content increased, but not 30 

significantly (p > 0.2). Nevertheless, Chla and Chla+b contents of chlorolichen BSC I and moss BSC were 31 

significantly higher than these of bare soil, light BSC and chlorolichen BSC II (p<0.05, Fig. 4b).. The range of 32 

chlorophyll contents is comparable to previous arid ecosystem studies (Weber et al., 2015). 33 

The pH of soil and biocrusts ranged between slightly acidic (6.2) and slightly alkaline (7.6; Fig. 4c). The mean pH of 34 

17 samples was 7.0, i.e., neutral. Only the pH of moss BSC samples was significantly lower than that of bare soil, 35 

light BSC and chlorolichen BSC samples (p=0.05). Soil and biocrust samples from South Africa were slightly more 36 

alkaline (7.1-8.2) with no significant difference among biocrust types (Weber et al., 2015). 37 
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3.3 NO and HONO flux measurements 1 

All samples showed HONO and NO emissions during full wetting and drying cycles. Maximum emission rates of 2 

HONO were observed at about 17-33% WHC, and of NO at 20-36% with no significant differences between all soil 3 

cover types (Fig 5). Emissions declined to zero at 0% WHC and to very small rates >70%. Emission maxima 4 

strongly varied between soil cover types, but also between samples of the same cover type (see Fig. 5 and 6, and 5 

Table S1). Highest emissions of both HONO-N and NO-N were detected for bare soil (175 ± 87.3 and 92.2 ± 34.7 ng 6 

m
-2

 s
-1

), followed by light (48.6 ± 48.5 and 34.5 ± 42.1 ng m
-2

 s
-1

) and dark BSC (27.1 ± 35.9 and 16.7 ± 18.3 ng m
-2

 7 

s
-1

). Both types of chlorolichen- and moss-dominated biocrusts showed very low emission rates of reactive nitrogen 8 

(on average < 10 ng m
-2

 s
-1

). Maximum HONO emissions were somewhat higher than maximum NO emissions, 9 

especially for bare soil. Integrating full wetting and drying cycles (6-8 hours), 0.04-1.9 mg m
-2

 HONO-N and 0.06-10 

1.6 mg m
-2

 NO-N were released (Fig. 6, lower panel). While the maximum fluxes of reactive nitrogen emission were 11 

higher for HONO than NO, especially from bare soil, the integrated emissions were similar or even larger for NO, 12 

which is released over a wider range of SWC. 13 

In general, it is difficult to compare chamber flux measurements of different studies due to different experimental 14 

configurations, such as chamber dimension, flow rate, resident time and drying rate etc. Here, we compare our 15 

results to studies which applied the same method (with the same or very similar conditions). The emission rates are 16 

consistent with these studies where HONO-N or NO-N emissions from soil between 1-3000 ng m
-2

 s
-1

 were found 17 

(Su et al., 2011; Oswald et al., 2013; Mamtimin et al., 2016; Wu et al., 2014; Weber et al., 2015). Mamtimin et al. 18 

(2016) observed NO-N fluxes at 25°C of 57.5 ng m
-2

 s
-1

, 18.9 ng m
-2

 s
-1

 and 4.1 ng m
-2

 s
-1

 for soil of grape and cotton 19 

fields and desert soil from an oasis in China, respectively. Oswald et al. (2013) found HONO-N and NO-N emissions 20 

between 2 and 280 ng m
-2

 s
-1

 (each) from different soil from all over the world covering a wide range of pH, nutrient 21 

content and organic matter. Biogenic NO emissions of 44 soil samples from arid and semi-arid regions were 22 

reviewed by Meixner and Yang (2006) with N-fluxes ranging from 0 to 142 ng m
-2

 s
-1

. 23 

In contrast to the results of the present study, where bare soil showed highest emissions, Weber et al. (2015) found 24 

lowest emission from bare soil in samples from South Africa. In that study, dark cyanobacteria-dominated biocrusts 25 

revealed highest emission rates (each HONO-N and NO-N up to 200 ng m
-2

 s
-1

), followed by light cyanobacteria-26 

dominated biocrusts (up to 120 ng m
-2

 s
-1

), whereas in the present study, emissions of dark cyanobacteria-dominated 27 

biocrusts tended to be lower. No significant difference of HONO-N and NO-N emissions from light BSC between 28 

both sample origins were found. HONO-N and NO-N emissions of moss- and chlorolichen-dominated biocrusts were 29 

low in both studies (each <60 ng m
-2

 s
-1

) but still significantly higher for samples from South Africa than from 30 

Cyprus. In the present study HONO maximum emissions were higher than for NO (while integrated emissions being 31 

comparable) while in the study of Weber et al. (2015) HONO maximum fluxes were somewhat lower than those of 32 

NO. The present results of nitrogen emissions correlate well with the nutrient contents (especially NO2
-
 and NO3

-
, 33 

Fig. 7). Bare soil, in which highest NO3
-
 and NO2

-
 levels were found, also showed highest HONO and NO emissions. 34 

A very good correlation was found between NO2
-
 contents and emission of both nitrogen gas phase species for all 35 

samples (R² = 0.84 for HONO and 0.85 for NO; p<0.001). The level of correlation between NO3
-
 and HONO and 36 

NO was lower, but still significant (R² = 0.68 and 0.67, respectively, p<0.001). Only low correlations were found 37 

between HONO or NO emissions and NH4
+
-contents (R² = 0.165 and 0.232; p=0.05). Thus, in the present study it 38 
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seems that reactive nitrogen emissions predominantly depend on NO2
-
 and NO3

-
 contents and not on surface cover 1 

types, although biocrusts (especially with cyanobacteria and cyanolichens) are able to fix atmospheric nitrogen 2 

(Belnap, 2002; Elbert et al., 2012; Barger et al., 2013; Patova et al., 2016). The results of a two-factorial ANOVA 3 

showed that HONO or NO emissions are not significantly related to soil cover type but rather with nitrite content, 4 

i.e., its direct aqueous precursor. For nitrate, the two-factorial ANOVA indicated dependencies of both cover type 5 

and nutrient content.  These results differ from those obtained by Weber et al. (2015) on South African samples, as 6 

there HONO and NO emissions were not correlated with bulk concentrations of ammonium, nitrite and nitrate. In 7 

their study nitrite content was lowest for bare soil compared to other biocrust types. Ammonium and nitrites levels 8 

were also lower than in the present study. Therefore Weber et al. (2015) indicated that biocrusts can enhance N-cycle 9 

and emission of reactive nitrogen.   10 

3.4 Comparison of soil emission and observed missing source 11 

To quantify the flux rate of HONO emissions from soil to the local atmosphere and to compare it to the unaccounted 12 

source found in Cyprus in 2014 (Meusel et al., 2016), we applied a standard formalism describing the atmosphere-13 

soil exchange of trace gases as a function of the difference between the atmospheric concentration and the 14 

equilibrium concentration at the soil solution surface [HONO]* (Su et al., 2011): 15 

𝐹∗  =  v𝑇 ([𝐻𝑂𝑁𝑂]
∗ – [𝐻𝑂𝑁𝑂])     (eq.5) 16 

where [HONO] is the ambient HONO concentration measured on Cyprus (mean daytime average 60 ppt) and 17 

[HONO]* is the equilibrium concentration at soil surface. [HONO]* can be determined from measurements in a 18 

static chamber. In a dynamic chamber system, there is a concentration gradient of HONO between the headspace 19 

(where HONO was measured) and the soil surface. Here we use the measurements of water vapor to correct for the 20 

soil surface concentration and equilibrium concentration of HONO by assuming a similar gradient for the two 21 

species. A correction coefficient of 3.8 was determined, which is the ratio of the equilibrium rH of 100% over wet 22 

soil surface to the initial headspace rH of 25-30% after inserting the wet sample into the chamber. The transfer 23 

velocity, vt, depends primarily on meteorological and soil conditions, and is typically on the order of ~1 cm s
–1

. The 24 

flux rate of NO was calculated accordingly with mean daytime NO concentrations of 38 ppt. The calculated flux F* 25 

is about (67±3) % of the flux measured in the chamber.  26 

The distribution of nine different surface cover types was mapped (Fig. 2), including stones, vascular vegetation and 27 

litter not being attributed to emit significant amounts of HONO and NO to the atmosphere. The residual HONO 28 

emitting surface covers comprised 45.6% of total surface in the investigated area. Combining the information on 29 

soil/biocrust population and the calculated flux F*, a site-specific community emission Fcomm of HONO and NO can 30 

be estimated via following equation (eq. 6).  31 

𝐹𝑐𝑜𝑚𝑚,𝑚𝑎𝑥 = ∑ 𝐹𝑚𝑎𝑥,𝑖
∗ ∗ 𝑝𝑖/100 

𝑡𝑦𝑝𝑒
𝑖  or  𝐹𝑐𝑜𝑚𝑚,𝑖𝑛𝑡 = ∑ 𝐹𝑖𝑛𝑡,𝑖

∗ ∗ 𝑝𝑖/100
𝑡𝑦𝑝𝑒
𝑖    (eq. 6) 32 

where Fcomm denotes the estimated community flux, 𝐹𝑚𝑎𝑥,𝑖 𝑜𝑟 𝑖𝑛𝑡,𝑖
∗  the maximum or integrated emission rates of each 33 

individual surface cover type i  [ng N m
-2

 s
-1

 or µg N m
-2

 ] and pi the fraction of population type i [%]. 34 

Under optimum soil water conditions (20-30% WHC) and constant temperatures of about 25°C, between 2.2 and 35 

18.8 ng m
-2

 s
-1

 of total HONO-N and 1.6-16.2 ng m
-2

 s
-1

 of total NO-N are emitted from the different crust/soil 36 

population combinations derived from the vegetation cover assessment. In the lower range of total emissions the 37 
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contribution from bare soil dominated with up to 69% (HONO) and 55% (NO), respectively, followed by moss BSC 1 

(HONO: 23%; NO: 32%). At high levels of total emission, the contribution from light BSC dominated (HONO: 2 

43%, NO: 49%), decreasing the contribution of bare soil down to about 25% (HONO) and 13% (NO). Emissions 3 

from dark BSC contribute about 20% or 24% to the total HONO or NO flux while the contribution from moss BSC 4 

decreased to 10% or 12%, respectively. Emissions from chlorolichen BSC didn´t play a significant role (< 2.4%) in 5 

general (see Fig. 8).  6 

After heavy rainfalls moistening the soil to full water-holding capacity, 11-113 µg m
-2

 of HONO-N and 10-131 µg 7 

m
-2

 of NO-N can be calculated for one complete wetting-and-drying period. Assuming 30 rain events per year (based 8 

on the statistic of 4 years precipitation data), a wetting-drying cycle time of 7 days, and constant emissions in 9 

between them (at 10% WHC) up to 160 mg m
-2

 yr
-1

 of nitrogen can be emitted directly by the sum of HONO-N and 10 

NO-N from Cyprus natural ground surfaces, i.e., excluding heterogeneous conversion of NO2 on ground surface.   11 

The release of HONO from the ground surface to the atmosphere can be related to the atmospheric HONO 12 

production rate via eq. 7 (adapted from Su et al., 2011) and then compared to the missing source. 13 

Sground =
0.35∗𝐹𝑐𝑜𝑚𝑚,𝑚𝑎𝑥

BLH
∗ a       (eq.7) 14 

with Sground: HONO or NO emitted from ground surface; BLH: boundary layer height (mixed layer height) and a: 15 

factor to convert ng N in number of molecules (10
-9

*6.022x10
23

/14).  16 

Based on the studies by Likos (2008) and Leelamanie (2010) and the meteorological conditions during CYPHEX (no 17 

rain event, but high rH, usually > 75%) a soil water content, slightly lower than the optimal water content for HONO 18 

and NO emissions, of 10% WHC was estimated, at which emissions of about 35% of the maximum was found. 19 

In Cyprus during the summer of 2014 a mean boundary layer height of 300 m was observed by means of a 20 

ceilometer.. The mean air temperature during the campaign was comparable to the lab based chamber studies (25°C) 21 

but soil temperatures at the Cyprus field site could largely vary during daytime and reach maximum temperatures of 22 

up to 50°C (Fig. 4). At these high temperatures 6-10 fold higher emissions can be expected in general (Mamtimin et 23 

al., 2016), but also a quicker drying of the soil and biocrusts. At 25°C HONO emissions from the ground would 24 

equal a source strength of 1.1x10
5
-9.8x10

5 
cm

-3
 s

-1
 and would cover up to 75% of the missing mean source of 1.3x10

6
 25 

cm
-3

 s
-1 

(Meusel et al., 2016). In some mornings of the campaign dew formation was expected causing an increase in 26 

soil humidity. Combined with rising temperatures after sun-rise these optimized meteorological conditions may have 27 

led to enhanced soil emissions and would confer a reasonable explanation for the strong HONO morning peaks 28 

observed during the campaign. Similarly, the NO source strength from ground emission at 25°C is in the range from 29 

8.3x10
4
 to 8.0x10

5
 cm

-3
 s

-1
. As the observed unaccounted source of NO in Cyprus was of the order of 10

7 
cm

-3
 s

-1 
soil 30 

emissions can only contribute up to 8% indicating other NO sources. Note that during CYPHEX there were two 31 

periods with lower rH, in which even a NO sink was detected.  32 

 4 Conclusions 33 

HONO and NO emission rates from soil and biological soil crusts were derived by means of lab-based enclosure 34 

trace gas exchange measurements, and revealed quite similar ranges of reactive nitrogen source strengths. Emissions 35 

of both compounds strongly correlated with NO2
-
 and NO3

-
 content of the samples. Emissions from bare soil were 36 
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highest, but bare soil surface spots were rarely found at the investigated CYPHEX field study site. The estimated 1 

total ground surface HONO flux in the natural habitat is consistent with the previously unaccounted source estimated 2 

for Cyprus, i.e., the unaccounted HONO source can essentially be explained by emissions from soil/biocrusts. For 3 

NO, the measured and simulated fluxes cannot account for the unaccounted NO source (during the humid periods of 4 

the CYPHEX campaign 2014), indicating that emission from soil was not the only missing source of NO.  5 
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Table 1: Overview on the samples, distribution of replicates of soil/biocrust type and the different analysis:  18 

Type Only nutrient analysis Flux measurements, followed by nutrient and 

chlorophyll analysis  

Sum 

Bare soil 3 3 6 

Dark BSC 3 5 8 

Light BSC 3 
4 10 

Light BSC + cyanolichen 3 

Chlorolichen BSC I 
3 

3 
12 

Chlorolichen BSC II 6 

Moss BSC 3 4 7 

sum 18 25 43 
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 1 
Fig. 1: Nitrogen cycle at the atmosphere and pedosphere/biosphere interface including nitrogen fixation, nitrification, 2 
denitrification and emission. Involved enzymes and organisms are specified.    3 
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 1 
Fig. 2: Climatic conditions of air and soil during April 2016, about one month before samples were taken. Atmospheric 2 
data was adopted from the Department of Meteorology, Cyprus. Minimum and maximum air temperatures (A) of one day 3 
at both sites are presented by red and yellow shaded areas. Air-rH data (B; dark blue line, left axis) were only available 4 
for Paphos airport, representing values at 8:00 and 13:00 local time. Precipitation data at Paphos airport and Prodromos 5 
(B; blue bars, right axis) show the daily rainfall. Surface temperature and rH are shown on the right side (C, D). The time 6 
resolution is 5 min. The variations between sensors arise from 3 different locations/surface (bare soil, next to rock, under 7 
shrubs).  (http://www.moa.gov.cy/moa/ms/ms.nsf/DMLmeteo_reports_en/DMLmeteo_reports_en?OpenDocument) 8 

 9 

 10 

Fig. 3: Distribution of different types of ground surfaces in the studied area. Information derived from 50 grids.  11 
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 1 

Fig. 4: Nutrient- and chlorophyll contents as well as pH values of bare soil and biocrust samples of different types. a) 2 
Nitrate, nitrite and ammonium contents without and after flux measurements. The red star indicates an outlier, b) 3 
Chlorophyll a and chlorophyll a+b contents of samples after flux measurements c) pH values of samples without and after 4 
flux measurements (bare soil and moss BSC: n = 4; light, dark and chlorolichen BSC: n = 3). Number of replicates for a 5 
and b see table 1. In all 3 plots error bars indicate standard deviation and different letters indicate significant differences 6 
(of log-transformed data; p=0.05). 7 

 8 

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017-356, 2017
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 2 May 2017
c© Author(s) 2017. CC-BY 3.0 License.



20 
 

 1 

Fig. 5: HONO and NO emission fluxes as a function of soil water content. Dotted lines are the mean fluxes. Shaded areas 2 
indicate the standard deviation.    3 

 4 

 5 

  6 
Fig. 6: Emission of HONO and NO from bare soil and biocrusts. Upper panel: Maximum HONO-N and NO-N fluxes in ng 7 
m-2 s-1 at optimum water conditions; Lower panel: Emissions integrated over a whole wetting-and-drying cycle in mg (N) 8 
m-2; letters show significant difference (p=0.05,of log-transformed data); error bars indicate standard deviation of 9 
replicates (bare soil n=3; light BSC n=4; dark BSC n=5; chlorolichen BSC I n=3; chlorolichen BSC II n=6; moss BSC 10 
n=4).   11 
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 1 

 Fig. 7: Correlation between maximum flux of HONO and NO and nutrient content of all Cyprus soil and biocrust samples 2 
with Pearson correlation factors (of log transformed data; **: p < 0.001; *: p < 0.05).   3 

 4 

 5 

 6 

Fig. 8: Contributions of different ground surfaces to the total F*. 7 
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Table S1: Overview over soil and biocrust samples including nutrient and chlorophyll analyses and HONO and NO emission fluxes. 

sample type NO2
--N NO3

--N NH4
+-N chla-b chla HONOmax NOmax HONOint NOint HONO/NO 

  
mg kg-1 mg m-2 ng (N) m-2 s-1 µg (N) m-2 (max) (int) 

Bare soil 1 0.126 0.723 2.017 17.45 8.61 89.12 53.70 465.49 341.45 1.66 1.36 

Bare soil 2 0.574 2.450 1.325 18.66 6.84 263.80 120.99 1899.9 1544.8 2.18 1.23 

Bare soil 3 0.501 6.478 6.509 31.71 13.93 173.32 101.83 1510.4 1621.3 1.70 0.93 

Dark BSC 1 0.0 0.0 1.906 40.80 27.48 1.29 1.73 9.45 17.1 0.74 0.55 

Dark BSC 2 0.0 0.0 1.873 32.13 18.61 3.08 2.90 16.42 25.49 1.06 0.64 

Dark BSC 3 0.004 0.050 1.365 30.42 15.52 4.69 6.64 36.28 63.53 0.71 0.57 

Dark BSC 4 0.265 3.549 3.159 95.66 66.01 43.15 35.86 337.45 359.56 1.20 0.94 

Dark BSC 5 0.113 0.582 2.061 21.65 11.26 83.43 85.1 443.86 712.1 0.98 0.62 

Light BSC 1 0.0 0.0 0.626 12.71 6.05 1.28 1.74 8.61 14.84 0.73 0.58 

Light BSC 2 0.004 0.0 0.587 16.34 7.72 12.35 11.44 61.48 66.07 1.08 0.93 

Light BSC 3 0.267 4.015 22.209 24.60 11.00 96.53 95.22 540.77 592.28 1.01 0.91 

Light BSC 4 0.119 0.819 1.478 18.09 8.31 83.89 67.5 475.72 481.0 1.24 0.99 

Chlorolichen BSC I 1 0.0 0.0 0.085 61.39 37.48 0.63 0.83 3.73 6.03 0.76 0.62 

Chlorolichen BSC I 2 0.0 0.0 0.0 84.12 58.64 2.45 2.62 12.02 15.73 0.93 0.76 

Chlorolichen BSC I 3 0.0 0.0 0.829 107.59 74.85 1.24 2.03 10.50 24.54 0.61 0.43 

Chlorolichen BSC II 1 0.0 0.0 0.187 24.75 14.18 1.69 1.88 15.23 15.32 0.90 0.99 

Chlorolichen BSC II 2 0.011 0.116 2.460 10.58 10.58 7.98 8.40 54.53 63.25 0.95 0.86 
Chlorolichen BSC II 3 0.074 0.916 0.982 21.73 12.29 9.65 9.88 94.72 103.62 0.98 0.91 

Chlorolichen BSC II 4 0.017 0.128 2.062 17.97 9.50 19.97 15.83 110.68 95.15 1.26 1.16 
Chlorolichen BSC II 5 0.007 0.513 3.894 37.46 22.65 4.27 4.43 35.14 49.83 0.96 0.71 

Chlorolichen BSC II 6 0.0 0.0 0.585 17.43 9.71 1.52 1.54 7.87 11.60 0.98 0.68 

Moss BSC 1 0.071 0.0 2.048 48.93 27.82 12.68 13.44 104.08 148.62 0.94 0.70 

Moss BSC 2 0.0 0.0 0.306 83.63 54.53 4.34 5.79 40.07 57.66 0.75 0.69 

Moss BSC 3 0.030 0.0 0.763 211.31 144.21 6.78 8.87 62.54 89.10 0.77 0.70 

Moss BSC 4 0.005 0.029 5.164 169.64 123.26 3.49 3.65 16.61 19.58 0.96 0.85 



 

a 

 

b 

 
c 

 

d 

 
e 

 

f 

 
Fig. S1: Pictures of local biocrusts:  a) light cyanobacteria-dominated  biocrust, b) dark cyanobacteria-

dominated biocrust with Collema sp. as dominating cyanolichen species, c) chlorolichen-dominated 

biocrust with Cladonia sp. as dominating lichen species, type I, d) chlorolichen-dominated biocrust with 

Placidium sp. as dominating lichen species, type II, e) moss-dominated biocrust with Trichostomum 

crispulum as dominating moss species, f) bare soil. 
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Abstract. Proteins can be nitrated by air pollutants (NO2), enhancing their allergenic potential. This work provides 15 

insight into protein nitration and subsequent decomposition in the present of solar radiation. We also investigated 16 

light-induced formation of nitrous acid (HONO) from protein surfaces that were nitrated either online with 17 

instantaneous gas phase exposure to NO2 or offline by an efficient nitration agent (tetranitromethane, TNM). Bovine 18 

serum albumin (BSA) and ovalbumin (OVA) were used as model substances for proteins. Nitration degrees of about 19 

1% were derived applying NO2 concentrations of 100 ppb under VIS/UV illuminated condition, while simultaneous 20 

decomposition of (nitrated) proteins was also found during long-term (20h) irradiation exposure. Gas exchange 21 

measurements of TNM- nitrated proteins revealed that HONO can be formed and released even without contribution 22 

of instantaneous heterogeneous NO2 conversion. However, fumigation with NO2 was found to increase HONO 23 

emissions substantially. In particular, a strong dependence of HONO emissions on light intensity, relative humidity 24 

(RH), NO2 concentrations and the applied coating thickness were found. The 20 hours long-term studies revealed 25 

sustained HONO formation, even if concentrations of the intact (nitrated) proteins were too low to be detected after 26 

the gas exchange measurements. A reaction mechanism for the NO2 conversion based on the Langmuir-Hinshelwood 27 

kinetics is proposed. 28 

1 Introduction  29 

Primary biological aerosols (PBA), or bioaerosols, including proteins, from different sources and with distinct 30 

properties, are known to influence atmospheric cloud microphysics and public health (Lang-Yona et al., 2016; 31 

D’Amato et al., 2007; Pummer et al., 2015). Bioaerosols represent a diverse subset of atmospheric particulate matter 32 

that is directly emitted in form of active or dead organisms, or fragments, like bacteria, fungal spores, pollens, 33 

viruses, and plant debris. Proteins are found ubiquitously in the atmosphere as part of these airborne, typically 34 

coarse-size biological particles (diameter > 2.5 µm), but also in fine particulate matter (diameter < 2.5 µm) 35 

associated with a host of different constituents such as polymers derived from biomaterials and proteins dissolved in 36 
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hydrometeors, mixed with fine dust and other particles (Miguel et al. 1999; Riediker et al., 2000; Zhang and 1 

Anastasio, 2003). Proteins contribute up to 5% of particle mass in airborne particles (Franze et al., 2003a; Staton et 2 

al., 2015; Menetrez et al., 2007) and are also found at surfaces of soils and plants. Proteins can be nitrated and are 3 

then likely to enhance allergic responses (Gruijthuijsen et al., 2006). Nitrogen dioxide (•NO2) has emerged as an 4 

important biological reactant and has been shown to be capable of electron (or H atom) abstraction from the amino 5 

acid tyrosine (Tyr) to form TyrO• in aqueous solutions (tyrosine phenoxyl radical, also called tyrosyl radical; Prütz et 6 

al. 1984 and 1985; Alfassi 1987; Houée-Lévin et al., 2015), which subsequently can be nitrated by a second NO2 7 

molecule. Shiraiwa et al. (2012) observed nitration of protein aerosol, but not solely with NO2 in the gasphase, and 8 

demonstrated that simultaneous O3 exposure of airborne proteins in dark conditions can significantly enhance NO2 9 

uptake and consequent protein nitration (3-nitrotyrosine formation) by way of direct O3-mediated formation of the 10 

TyrO• intermediate. A connection between increased allergic diseases and elevated environmental pollution, 11 

especially traffic-related air pollution has been proposed (Ring et al., 2001). Tyrosine is one of the photosensitive 12 

amino acids and it is subject of direct and indirect photo-degradation under solar-simulated conditions (Boreen, et al., 13 

2008), especially mediated by both UV-B (λ 280−320 nm) and UV-A (λ 320 –400 nm) radiation (Houee-Levin et al., 14 

2015; Bensasson et al., 1993). Direct light absorption or absorption by adjacent endogenous or exogenous 15 

chromophores and subsequent energy transfer results in an electronically-excited state of tyrosine (for details see 16 

Houée-Lévin et al. 2015 and references therein). If the triplet state of tyrosine is generated, it can undergo electron 17 

transfer reactions and deprotonation to yield TyrO• (Fig.1, Bensasson 1993; Davies 1991; Berto et al., 2016). 18 

Regardless of how the tyrosyl radical is generated, it can be nitrated by reaction with NO2, but also hydroxylated or 19 

dimerized (Shiraiwa et al., 2012; Reinmuth-Selzle et al., 2014; Kampf et al., 2015).  20 

With respect to atmospheric chemistry, Bejan et al. (2006) have shown that photolysis of ortho-nitrophenols (as is 21 

the case for 3-nitrotyrosine) can generate nitrous acid (HONO). HONO is of great interest for atmospheric 22 

composition, as its photolysis forms OH radicals, being the key oxidant for degradation of most air pollutants in the 23 

troposphere (Levy, 1971). In the lower atmosphere, up to 30% of the primary OH radical production can be 24 

attributed to photolysis of HONO, especially during the early morning when other photochemical OH sources are 25 

still small (R1, Kleffmann et al., 2005; Alicke et al., 2002; Ren et al., 2006; Su et al., 2008; Meusel et al. 2016).  26 

𝐻𝑂𝑁𝑂 
ℎ𝑣
→  𝑂𝐻 + 𝑁𝑂 (hν = 300 – 405 nm)    (R1) 27 

HONO can be directly emitted by combustion of fossil fuel
 
(Kurtenbach et al., 2001)

 
or formed by gas phase 28 

reactions of NO and OH (the backwards reaction of R1) and heterogeneous reactions of NO2 on wet surfaces 29 

according to R2. On carbonaceous surfaces (soot, phenolic compounds) HONO is formed via electron or H transfer 30 

reactions (R3 and R4-R6; Kalberer et al., 1999; Kleffmann et al., 1999; Gutzwiller et al., 2002; Aubin and Abbatt 31 

2007; Han et al., 2013; Arens et al., 2001, 2002; Ammann et al., 1998, 2005).  32 

2𝑁𝑂2 + 𝐻2𝑂 → 𝐻𝑂𝑁𝑂 +𝐻𝑁𝑂3     (R2) 33 

𝑁𝑂2 + {𝐶 − 𝐻}𝑟𝑒𝑑 → 𝐻𝑂𝑁𝑂 + {𝐶}𝑜𝑥    (R3) 34 

𝐴𝑟𝑂𝐻 + 𝑁𝑂2 → 𝐴𝑟𝑂 ∙  +𝐻𝑂𝑁𝑂     (R4) 35 

𝐴𝑟𝑂𝐻 + 𝐻2𝑂 → 𝐴𝑟𝑂
− + 𝐻3𝑂

+     (R5) 36 

𝐴𝑟𝑂− + 𝑁𝑂2 →  𝑁𝑂2
− + 𝐴𝑟𝑂 ∙ 

𝐻3𝑂
+

→    𝐻𝑂𝑁𝑂 + 𝐻2𝑂    (R6) 37 
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Previous atmospheric measurements and modeling studies have shown unexpected high HONO concentrations 1 

during daytime, which can also contribute to aerosol formation through enhanced oxidation of precursor gases 2 

(Elshorbany et al., 2014). Measured mixing ratios are typically about one order of magnitude higher than simulated 3 

ones, and an additional source of 200-800 ppt h
-1

 would be required to explain observed mixing ratios (Kleffmann et 4 

al., 2005; Acker et al., 2006; Sörgel et al., 2011; Li et al., 2012; Su et al., 2008; Elshorbany et al., 2012; Meusel et al., 5 

2016) indicating that estimates of daytime HONO sources are still under debate. It was suggested that HONO arises 6 

from the photolysis of nitric acid and nitrate or by heterogeneous photochemistry of NO2 on organic substrates and 7 

soot (Zhou et al., 2001; 2002 and 2003; Villena et al., 2011; Ramazan et al., 2004; George et al., 2005; Sosedova et 8 

al., 2011; Monge et al., 2010; Han et al., 2016). Stemmler et al. (2006, 2007) found HONO formation on light-9 

activated humic acid, and field studies showed that HONO formation correlates with aerosol surface area, NO2 and 10 

solar radiation (Su et al., 2008; Reisinger, 2000; Costabile et al., 2010; Wong et al., 2012; Sörgel et al., 2015) and is 11 

increased during foggy periods (Notholt et al., 1992). Another proposed source of HONO is the soil, where it has 12 

been found to be co-emitted with NO by soil biological activities (Oswald et al., 2013; Su et al., 2011; Weber et al., 13 

2015).  14 

In view of light-induced nitration of proteins and HONO formation by photolysis of nitro-phenols, light-enhanced 15 

production of HONO on protein surfaces can be anticipated, which, to the best of our knowledge, has not been 16 

studied before.  17 

This work aims at providing insight into protein nitration, the atmospheric stability of the nitrated protein, and 18 

respective formation of HONO from protein surfaces that were nitrated either offline in liquid phase prior to the gas 19 

exchange measurements, or online with instantaneous gas phase exposure to NO2, with particular emphasis on 20 

environmental parameters like light intensity, relative humidity (RH) und NO2 concentrations. Bovine serum 21 

albumin (BSA), a globular protein with a molecular mass of 66.5 kDa and 21 tyrosine residues per molecule, was 22 

chosen as a well-defined model substance for proteins. Nitrated ovalbumin (OVA) was used to study the light-23 

induced degradation of proteins that were nitrated prior to gas exchange measurements. This well-studied protein has 24 

a molecular mass of 45 kDa and 10 tyrosine residues per molecule. 25 

2 Materials and methods 26 

2.1 Protein preparation and analysis 27 

BSA (albumin from bovine serum, Cohn V fraction, lyophilized powder, ≥ 96%; Sigma Aldrich, St. Louis, Missouri, 28 

USA) or nitrated OVA (ovalbumin) was solved in pure water (18.2MΩ cm) and coated onto the glass tube. 29 

The nitration of ovalbumin (OVA) was described previously (Yang et al., 2010; Zhang et al., 2011). Briefly, OVA 30 

(Grade V, A5503-5G, Sigma Aldrich, Germany) was dissolved in phosphate buffered saline PBS (P4417-50TAB, 31 

Sigma Aldrich, Germany) to a concentration of 10 mg/ml. 50 µl tetranitromethane TNM (T25003-5G, Sigma 32 

Aldrich, Germany) dissolved in methanol 4% (v/v) were added to a 2.5 ml aliquot of the OVA solution and stirred 33 

for 180 min at room temperature. Size exclusion chromatography columns (PD-10 Sephadex G-25 M, 17-0851-01, 34 

GE Healthcare, Germany) were used for clean-up. The eluate was dried in a freeze dryer and stored in a refrigerator 35 

at 4°C.  36 
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After the flow-tube-experiments (see below) the proteins were extracted with water from the tube and analyzed with 1 

liquid chromatography (HPLC-DAD; Agilent Technologies 1200 series) according to Selzle et al. (2013). This 2 

method provides a straightforward and efficient way to determine the nitration of proteins. Briefly, a monomerically 3 

bound C18 column (Vydac 238TP, 250 mm×2.1 mm inner diameter, 5 μm particle size; Grace Vydac, Alltech) was 4 

used for chromatographic separation. Eluents were 0.1 % (v/v) trifluoroacetic acid in water (LiChrosolv) (eluent A) 5 

and acetonitrile (ROTISOLV HPLC Gradient Grade, Carl Roth GmbH + Co. KG, Germany) (eluent B). Gradient 6 

elution was performed at a flow rate of 200 μL/min. ChemStation software (Rev. B.03.01, Agilent) was used for 7 

system control and data analysis. For each chromatographic run, the solvent gradient started at 3% B followed by a 8 

linear gradient to 90% B within 15 min, flushing back to 3% B within 0.2 min, and maintaining 3% B for additional 9 

2.8 min. Column re-equilibration time was 5 min before the next run. Absorbance was monitored at wavelengths of 10 

280 and 357 nm. The sample injection volume was 10-30 μL. Each chromatographic run was repeated three times. 11 

The protein nitration degree was determined by the method of Selzle et al. (2013). Native and un-treated BSA did not 12 

show any degree of nitration.  13 

2.2 Coated-wall flow tube system 14 

Figure 2 shows a flowchart of the set-up of the experiment. NO2 was provided in a gas bottle (1 ppm in N2, Carbagas 15 

AG, Grümligen, Switzerland). NO2 was further diluted (mass flow controller, MFC3) with humidified pure nitrogen 16 

to achieve NO2 mixing ratios between 20 and 100 ppb. Impurities of HONO in the NO2-gas cylinder were removed 17 

by means of a HONO scrubber. The Na2CO3 trap was prepared by soaking 4mm firebrick in a saturated Na2CO3 in 18 

50% ethanol / water solution and drying for 24 hours. The impregnated firebrick granules were put into a 0.8 cm 19 

inner diameter and 15 cm long glass tube, which was closed by quartz wool plugs on both sides. A constant total 20 

flow was provided by means of another N2 mass flow controller (MFC2) that compensated for changes in NO2 21 

addition. Different fractions of total surface areas (50, 70 and 100%) of the reaction tube (50 cm x 0.81 cm i.d.) were 22 

coated with 2 mg BSA or nitrated OVA, respectively. Therefore 2 mg protein was dissolved in 600 µL pure water, 23 

injected into the tube and then gently dried in a low humidity N2 flow (RH ~ 30-40%) with continuous rotation of the 24 

tube. The coated reaction tube was exposed to the generated gas mixture and irradiated with either (i) 1, 3 or 7 VIS 25 

lights (400-700 nm; L 15 W/954, lumilux de luxe daylight, Osram, Augsburg, Germany) which is 0, 23, 69 or 161 W 26 

m
-2

 respectively or (ii) 4 VIS and 3 UV lights (340-400 nm; UV-A, TL-D 15 W/10, Philips, Hamburg, Germany).  27 

An overview of the experiments performed during this study is shown in table 1. Light induced decomposition of 28 

nitrated proteins was studied on OVA. Instantaneous NO2 transformation and its light- and RH- dependence on 29 

heterogeneous HONO formation were studied on BSA in short-term experiments. Extended studies on BSA were 30 

performed to explore the persistence of the surface reactivity and respective catalytic effects.  31 

A commercial long path absorption photometry instrument (LOPAP, QUMA) was used for HONO analysis. The 32 

measurement technique was introduced by Heland et al. (2001). This wet chemical analytical method has an 33 

unmatched low detection limit of 3-5 ppt with high HONO collection efficiency (≥ 99%). HONO is continuously 34 

trapped in a stripping coil flushed with an acidic solution of sulfanilamide. In a second reaction with n-(1-35 

naphthyl)ethylenediamine-dihydrochloride an azo dye is formed, whose concentration is determined by absorption 36 

photometry in a long Teflon tubing.  LOPAP has two stripping coils in series to reduce known interferences. In the 37 
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first stripping coil HONO is quantitatively collected. Due to the acidic stripping solution, interfering species are 1 

collected less efficiently but in both channels. The true concentration of HONO is obtained by subtracting the 2 

interferences quantified in the second channel from the total signal obtained in the first channel. The accuracy of the 3 

HONO measurements was 10%, based on the uncertainties of liquid and gas flow, concentration of calibration 4 

standard and regression of calibration. 5 

The reagents were all high-purity-grade chemicals, i.e., hydrochloric acid (37 %, ACS reagent, Sigma Aldrich, St. 6 

Louis, Missouri, USA), sulfanilamide (for analysis, >99 %; Sigma Aldrich) and N-(1-naphthyl)-ethylenediamine 7 

dihydrochloride (>98%; ACS reagent, Fluka by Sigma Aldrich). For calibration Titrisol® 1000 mg NO2
-
 (NaNO2 in 8 

H2O; Merck) was diluted to 0.001 mg/L NO2
-
. For preparation of all solutions and for cleaning of the absorption 9 

tubes 18MΩ H2O was used.  10 

NOx concentrations were analyzed by means of a commercial chemiluminescence detector from EcoPhysics (CLD 11 

77 AM, Duernten, Switzerland).  12 

3 Results and discussion 13 

3.1 BSA nitration and degradation 14 

Nitrated proteins can lead to a stronger allergic response. Nitration of proteins can be enhanced by O3 activation (in 15 

the dark). In the environment, about half a day light is present. What happens with irradiated proteins when exposed 16 

to NO2. Can they be nitrated efficiently? To investigate the degree of protein nitration under illuminated conditions, 17 

BSA coated on the reaction tube (17.5 µg cm
-2

) was exposed to 7 VIS lamps (40% of a clear sky irradiance for a 18 

solar zenith of 48°; Stemmler et al., 2006) and 100 ppb NO2 at 70% RH. After 20 hours the BSA nitration degree 19 

(ND, concentration of nitrated tyrosine residues divided by the total concentration of tyrosine residues) investigated 20 

by means of the HPLC-DAD method was (1.0 ± 0.1)%. Introducing UV radiation (4 VIS plus 3 UV lamps) resulted 21 

in a slightly higher ND of (1.1 ± 0.1)%. Note that no intact protein could be detected by HPLC-DAD after another 20 22 

hours of irradiation without NO2, indicating light induced decomposition of proteins. However, the applied HPLC-23 

DAD technique only detects (nitro-)tyrosine residues in proteins, and does not provide information about protein 24 

fragments or single nitrated or non-nitrated tyrosine residues. Hence, proteins might have been decomposed while 25 

tyrosine remains in its nitrated form, not detectable by our analysis method. Similarly, proteins (here: OVA) that 26 

were nitrated with TNM in aqueous phase prior to coating (21.5 µg cm
-2

) to an extent of 12.5% also decomposed 27 

when illuminated about 6 hours (1-7 VIS lights; with and without 20 ppb NO2). Thus the nitration of proteins by 28 

light and NO2 was confirmed, but with simultaneous gradual decomposition of the proteins. Effects of UV irradiation 29 

(240-340 nm) on proteins containing aromatic amino acids were reviewed previously (Neves-Peterson et al., 2012). 30 

It was shown that triplet state tryptophan and tyrosine can transfer electron to a nearby disulfide bridge to form the 31 

tryptophan and tyrosine radical. The disulfide bridge could break leading to conformational changes in the protein 32 

but not necessarily resulting in inactivation of the protein. In strong UV light (≈200 nm) the peptide bond could also 33 

break (Nikogosyan and Görner, 1999). 34 

Franze et al. (2005) analyzed a variety of natural samples (road dust, window dust and particulate matter PM 2.5) 35 

collected in the metropolitan area of Munich, containing 0.08-21 g/kg proteins, and revealed equivalent degrees of 36 
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nitration (EDN, concentration of nitrated protein divided by concentration of all proteins) between 0.01 and 0.1% 1 

only. Such low nitration degree is in line with light induced decomposition of (nitrated) proteins. On the other hand, 2 

an EDN up to 10% (average 5%) was found for BSA and birch pollen extract (BPE) exposed to Munich ambient air 3 

for two weeks under dark conditions, with daily mean NO2 (O3) concentration of 17 to 50 ppb (7 to 43 ppb) in the 4 

same study, suggesting the deficiency of decomposition without being irradiated. BSA and OVA loaded on syringe-5 

filters and exposed to 200 ppb NO2/O3 for 6 days under dark conditions were nitrated to 6 and 8%, respectively 6 

(Yang et al., 2010). Reinmuth-Selzle et al. (2014) found similar ND for major birch pollen allergen Bet v 1 loaded on 7 

syringe-filters exposed to 80-470 ppb NO2 and O3. When exposed for 3-72 hours to NO2/O3 at RH < 92% the ND 8 

was 2-4%, while at condensing conditions (RH > 98%) the ND increased to 6% after less than one day (19 hours). 9 

The ND of Bet v 1 was considerably increased to 22% for proteins solved in the aqueous phase (0.16 mg mL
-1

) when 10 

bubbling with a 120 ppb NO2/O3 gas mixture for a similar period of time (17 hours). Other nitration methods, 11 

investigated by Reinmuth-Selzle et al. (2014), e.g., nitration of Bet v 1 with peroxynitrite (ONOO
-
, formed by 12 

reaction of NO with O2
-
) or TNM lead to ND between 10 and 72% depending on reaction time, reagent concentration 13 

and temperature. Similarly high NDs of 45-50% were obtained by aqueous phase TNM nitration of BSA and OVA 14 

by Yang et al. (2010). 15 

3.2 HONO formation 16 

3.2.1 HONO formation from nitrated proteins 17 

Strong HONO emissions were found for OVA nitrated in the liquid phase prior to gas exchange measurements (ND 18 

= 12.5%). A strong correlation between HONO emission and light intensity was observed (50% RH; Fig. 3). Initially, 19 

we did not apply NO2. Thus the observed HONO formation (up to 950 ppt) originated from decomposing nitrated 20 

proteins rather than from heterogeneous conversion of NO2. However, when exposed to 20 ppb of NO2 in dark 21 

conditions, HONO formation increased 4-fold (50 to 200 ppt), and about 2-fold with 7 VIS lamps turned on (950 to 22 

1800 ppt). After 7 hours of flow tube experiments (4.5 h irradiation with varying light intensities (0-1-3-7 lights) + 23 

2.5 h irradiation/20 ppb NO2 (7-3-0- lights)), no intact protein was found according to the analysis of HPLC-DAD. 24 

3.2.2 Light dependency 25 

To investigate HONO formation on unmodified BSA coating (31.4 µg cm
-2

) in dependence on light conditions, the 26 

radiation intensity (number of VIS lamps) was changed under otherwise constant conditions of exposure at 20 ppb 27 

NO2 and 50% RH. Decreasing light intensity revealed a linearly decreasing trend in HONO formation from about 28 

1000 ppt to 140 ppt (red symbols in Fig. 4). After re-illumination to the initial high light intensity the HONO 29 

formation was reduced by 32% (blue symbol in Fig. 4). Stemmler et al. (2006) and Sosedova et al. (2011) also 30 

observed a similar saturation of HONO formation on humic acid, tannic and gentisic acid at higher light intensities. 31 

Stemmler et al. (2006) argued that surface sites activated for NO2 heterogeneous conversion by light (R3) would 32 

become de-activated by competition with photo-induced oxidants (X
*
, R7-8), e.g., primary chromophores or electron 33 

donors are oxidized by surface*, which is in line with the observed decomposition of the native protein presented 34 

above.  35 
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𝑠𝑢𝑟𝑓𝑎𝑐𝑒
ℎ𝑣
→ 𝑠𝑢𝑟𝑓𝑎𝑐𝑒∗

𝑁𝑂2
→  𝐻𝑂𝑁𝑂 + 𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑜𝑥    (R7) 1 

𝑋
ℎ𝑣
→  𝑋∗

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ∗

→      𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑋     (R8) 2 

In other studies the NO2 uptake coefficient on soot, mineral dust, humic acid and other solid organic compounds 3 

similarly increased at increasing light intensities (George et al., 2005; Stemmler et al., 2007; Ndour et al., 2008; 4 

Monge et al., 2010; Han et al., 2016). Note that the HONO yield (ratio of HONO formed to NO2 lost) was found to 5 

be constant at light intensities in the range of 60-200 W m
-2 

in the work of Han et al. (2016), but have shown a linear 6 

dependence on light for nitrated phenols (Bejan et al., 2006).  7 

3.2.3 NO2 dependency  8 

At about 50% relative humidity and high illumination intensities (7 VIS lamps, ~161 W m
-2

), heterogeneous 9 

formation of HONO strongly correlated with the applied NO2 concentration (Fig. 5). On a BSA surface of about 16.1 10 

µg cm
-2

 (Tab. 1) the produced HONO concentration increased from 56 ppt at 20 ppb NO2 to 160 ppt at 100 ppb NO2. 11 

Only at a threshold NO2 level well above those typically observed in natural environments (>>150 ppb) this 12 

increasing trend slowed down to some extent, indicative of saturation of active surface sites. A similar pattern of 13 

NO2 dependence was also observed for light-induced HONO formation from humic acid (Stemmler et al., 2006) and 14 

phenolic compounds like gentisic and tannic acid (Sosedova et al., 2011), and for heterogeneous NO2 conversion on 15 

soot under dark conditions (Stadler and Rossi, 2000; Salgado and Rossi, 2002; Arens et al., 2001).  16 

For better comparison of the different studies the HONO concentration measured at different NO2 concentrations 17 

was normalized to the HONO concentration at 20 ppb NO2 ([HONO]NO2/[HONO]NO2=20ppb) in Fig. 5, as variable 18 

absolute amounts of HONO were found in different studies and matrices. A cease of the NO2 dependency on 19 

heterogeneous HONO formation can be assessed for most of the studies at NO2 concentrations ≥ 200 ppb. A very 20 

similar correlation (up to 40 ppb NO2) was observed when NO2 was applied additionally during the gas phase 21 

photolysis of nitrophenols (fig. 5; Bejan et al., 2006). Even though the matrix (nitrophenols) and conditions 22 

(illuminated) of the latter is comparable to the experiment presented here, for BSA no clear indication of saturation 23 

was found up to 160 ppb of NO2, pointing to a highly reactive surface of BSA for NO2 under illuminated conditions. 24 

As shown with R7 and R8, the concentration dependence depends on the competing channel R8, therefore, this is 25 

strongly matrix dependent, both in terms of chemical and physical properties.   26 

3.2.4 Impact of coating thickness  27 

Strong differences in HONO concentrations were found for experiments with different coating thicknesses applying 28 

otherwise similar conditions (20 ppb of NO2, 7 VIS lamps and 50% RH). While only 55 ppt of HONO concentration 29 

was observed for a shallow homogeneous coating of 16.1 µg cm
-2

 (217.6 nm  thickness, see below) applied on the 30 

whole length of the tube, up to 2 ppb were found for a thick (more uneven) coating of 31.44 µg cm
-2

 (435.2 nm 31 

thickness) covering only 50% of the tube (Fig. 6). Potential explanations are that thicker coating leads to (1) more 32 

bulk reactions producing HONO, or (2) different morphologies, e.g., higher effective reaction surfaces.  33 

A strong increase in NO2 uptake coefficients with increasing coating thickness was also observed for humic acid 34 

coatings (Han et al., 2016). However, they found an upper threshold value of 2 µg cm
-2

 of cover load (20 nm 35 

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017-277, 2017
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 28 March 2017
c© Author(s) 2017. CC-BY 3.0 License.



8 
 

absolute thickness, assuming a humic acid density of 1 g cm
-3

), above which uptake coefficients were found to be 1 

constant. The authors also proposed that NO2 can diffuse deeper into the coating and below 2 µg cm
-2

 the full cover 2 

depth would react with NO2, respectively.  3 

For proteins the number of molecules per monolayer depends on their orientation and respective layer thickness can 4 

vary accordingly. One (dry, crystalline) BSA molecule has a volume of about 154 nm
3 

(Bujacz, 2012).  In a flat 5 

orientation (4.4 nm layer height, and a projecting area of 35 nm² per molecule) 3.64x10
14

 molecules (40.5 µg; 0.32 6 

µg cm
-2

) of BSA are needed to form one complete monolayer in the flow tube (i.d. of 0.81 cm, 50 cm length, 100% 7 

surface coating). Hence, the thinnest BSA coating applied in the experiment (16.1 µg cm
-2

) would consist of 50 8 

monolayers revealing a total coating thickness of 217.6 nm, and the thickest BSA coating (31 µg cm
-2

) would have 9 

99 monolayers and an absolute thickness of 435.1 nm. At the other extreme (non-flat) orientation, more BSA 10 

molecules are needed to sustain one monolayer. With 21.7 nm² of projected area of one molecule and 7.1 nm 11 

monolayer height, 5.86x10
14

 molecules of BSA are needed to form one complete monolayer in the flow tube. The 12 

coatings would consist of between 31 (thinnest) and 61 (thickest) monolayers of BSA. With a flat orientation 1-2% 13 

(number or weight) of BSA molecules would build the uppermost surface monolayer, whereas in an upright 14 

molecule orientation 1.6-3.3% would be in direct contact with surface ambient air.   15 

In the crystalline form several molecules of water stick tightly to BSA. As BSA is highly hygroscopic, more water 16 

molecules are adsorbed at higher relative humidity. At 35% RH BSA is deliquesced (Mikhailov et al., 2004). 17 

Therefore the above described number of monolayers and the absolute layer thickness are a lower bound estimate. 18 

Conclusively, the thickness dependence on HONO formation is extremely complex. Activation and photolysis of 19 

nitrated Tyr occurs throughout the BSA layer. The heterogeneous reaction of NO2 may or may be not limited to the 20 

surface depending on solubility and diffusivity of NO2. Also the release of HONO may be limited by diffusion. 21 

3.2.5 RH dependency 22 

The dependence of HONO emission on relative humidity is shown in Fig. 7. Here about 25 ppb of NO2 was applied 23 

to a (not nitrated) BSA coated flow tube (17.5 µg cm
-2

) both in dark and illuminated conditions (7 VIS lights). 24 

HONO formation scaled with relative humidity. Kleffmann et al. (1999) proposed that higher humidity inhibits the 25 

self-reaction of HONO (2 HONO(s, g)  NO2 + NO + H2O), which leads to higher HONO yield from heterogeneous 26 

NO2 conversion.  27 

The RH dependence of HONO formation on proteins is different to other surfaces. For example, no influence of RH 28 

has been observed for dark heterogeneous HONO formation on soot particles sampled on filters (Arens et al., 2001). 29 

For HONO formation on tannic acid coatings (both at dark and irradiated conditions) a linear but relatively weak 30 

dependence has been reported between 10 and 60% RH, while below 10% and above 60% RH the correlation 31 

between HONO formation and RH was much stronger (Sosedova et al., 2011). Similar results were observed for 32 

anthrarobin coatings by Arens et al. (2002). This type of dependence of HONO formation on phenolic surfaces on 33 

RH equals the HONO formation on glass, following the BET water uptake isotherm of water on polar surfaces 34 

(Finnlayson-Pitts et al., 2003; Summer et al., 2004). For humic acid surfaces the NO2 uptake coefficients also weakly 35 

increased below 20% RH and were found to be constant between 20 and 60% (Stemmler et al., 2007).  36 
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While on solid matter chemical reactions are essentially confined to the surface rather than in the bulk, proteins can 1 

adopt an amorphous solid or semisolid state, influencing the rate of heterogeneous reactions and multiphase 2 

processes. Molecular diffusion in the non-solid phase affects the gas uptake and respective chemical transformation. 3 

Shiraiwa et al. (2011) could show that the ozonolysis of amorphous protein is kinetically limited by bulk diffusion. 4 

The reactive gas uptake exhibits a pronounced increase with relative humidity, which can be explained by a decrease 5 

of viscosity and increase of diffusivity, as the uptake of water transforms the amorphous organic matrix from a 6 

glassy to a semisolid state (moisture-induced phase transition). The viscosity and diffusivity of proteins depend 7 

strongly on the ambient relative humidity because water can act as a plasticizer and increase the mobility of the 8 

protein matrix (for details see Shiraiwa et al. 2011 and references therein). Shiraiwa et al. (2011) further showed that 9 

the BSA phase changes from solid through semisolid to viscous liquid as RH increases, while trace gas diffusion 10 

coefficients increased about 10 orders of magnitude. This way, characteristic times for heterogeneous reaction rates 11 

can decrease from seconds to days as the rate of diffusion in semisolid phases can decrease by multiple orders of 12 

magnitude in response to both low temperature (not investigated in here) and/or low relative humidity. Accordingly, 13 

we propose that HONO formation rate depends on the condensed phase diffusion coefficients of NO2 diffusing into 14 

the protein bulk, HONO released from the bulk and mobility of excited intermediates.  15 

3.2.6 Long term exposure with NO2 under irradiated conditions 16 

To study long-term effects of irradiation on HONO formation from proteins, flow tubes were coated with 2 mg BSA 17 

(17.5 ± 0.4 µg cm
-2

; 90% of total length) and exposed to 100 ppb NO2, at 80% RH at illuminated conditions for a 18 

time period of up to 20 hours (Fig. 8). Samples illuminated with VIS light only (red and orange colored lines in Fig. 19 

8) showed persistent HONO emissions over the whole measurement period. For reasons unknown, and even though 20 

the observed HONO concentrations were within the expected range with regard to the applied NO2 concentrations, 21 

RH and cover characteristics, one sample (orange in Fig. 8) showed a sharp short-term increase in the initial phase 22 

followed by respective decrease, not in line with all other samples (compare Fig. 6). However, after 4 hours both VIS 23 

irradiated samples showed virtually constant HONO emissions (-3.8 and +1.6 ppt h
-1

, respectively). The sample 24 

illuminated with UV/VIS light (3 UV and 4 VIS lamps) showed a sustained sharp increase in the first 4 hours, 25 

followed by persistent and very stable (decay rate as low as -0.5 ppt h
-1

) HONO emissions at an about 3-fold higher 26 

level compared to samples irradiated with VIS only.  27 

Integrating the 20 hour experiments, 9.23x10
15

 (4.6 ppb*h, VISa), 1.53x10
16

 (7.7 ppb*h, VISb) and 4.01x10
16

 (20 28 

ppb*h, UV/VIS) molecules of HONO were produced. This means between 7.7x10
13 

and 3.3x10
14

 molecules of 29 

HONO per cm
2
 of BSA geometric surface were formed. With respect to the different experimental conditions 30 

concerning cover thickness, RH, and NO2 concentrations, this is in a similar order of magnitude as found for humic 31 

acid (2x10
15

 molecules cm
-2

 in 13 hours) by Stemmler et al. (2006). 32 

If BSA acts like a catalytic converter as in a Langmuir-Hinshelwood reaction each BSA molecule can react several 33 

times with NO2 to heterogeneously form HONO. As described in 3.1, BSA nitration is in competition with NO2 34 

surface reactions and only a limited number of NO2 molecules could react with BSA forming HONO via nitration of 35 

proteins and subsequent decomposition of nitrated proteins. A BSA molecule contains 21 tyrosine residues, which 36 

could react with NO2. But even a strong nitration agent such as TNM is not capable of nitrating all tyrosine residues 37 
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and a mean nitration degree of 19% was found (Peterson et al., 2001; Yang et al., 2010), i.e., 4 tyrosine residues of 1 

one BSA molecule can be nitrated to form HONO. As 2 mg of BSA was applied for each flow tube coating, a total of 2 

1.8x10
16

 protein molecules can be inferred. In 20 hours of irradiating with VIS light 13-22% of the accessible Tyr 3 

residues (4 each BSA molecule) would have been reacted. Irradiating with additional UV lights at least 56% of the 4 

tyrosine residues would have been nitrated and decomposed, respectively. But as NO2 is a much weaker nitrating 5 

agent and nitration of only one tyrosine residue is probable (ND of BSA with O3/NO2 6%; Yang et al., 2010) up to 6 

85% BSA molecules would have been reacted when irradiated with VIS lights, and even more HONO molecules as 7 

coated BSA molecules would have been generated under UV/VIS light conditions. Other amino-acids of the protein 8 

like tryptophan or phenylalanine might also be nitrated but without formation of HONO (Goeschen et al., 2011). 9 

Hence, a contribution of heterogeneous conversion of NO2 can be anticipated.    10 

3.3 Kinetic studies 11 

The experimental results (especially the stability over a long time) indicate that the formation of HONO from NO2 12 

on protein surfaces likely underlies the Langmuir-Hinshelwood mechanism in which the protein would act as a 13 

catalytic converter (Fig. 9). The first step is the fast reversible physical adsorption of NO2 (k1) and water followed by 14 

the slow conversion into HONO (eq.1 and eq.2). In our experiments and in the atmosphere there is always sufficient 15 

water and for simplification we assume that the reaction rate only depends on NO2.  16 

𝑑[NO2]𝑠 

𝑑𝑡
= k1 ∗ [NO2]𝑔       (eq.1) 17 

𝑑[𝐻𝑂𝑁𝑂]𝑠
1

𝑑𝑡
 =  k2 ∗ [NO2]𝑠       (eq.2)  18 

where index s and g indicate sorbed and gaseous state, respectively. 19 

From the experiments in which higher HONO concentrations were detected with higher light intensities we conclude 20 

that the heterogeneous conversion of NO2 to HONO is light induced or a photochemical reaction. It was observed 21 

that the nitration of proteins is a competitive (side) reaction of the direct HONO formation (eq.2) but light induced 22 

decomposition of nitrated protein also produces HONO (eq.3). 23 

𝑑[𝐻𝑂𝑁𝑂]𝑠
2

𝑑𝑡
  =  k4 ∗ k5 ∗ [NO2]𝑠      (eq.3) 24 

As these two processes cannot be discriminated by the observations presented here, we combine both reactions to 25 

formulate an overall formation equation (eq.4) with k’ = k2 + k4*k5 26 

𝑑[HONO]𝑠

𝑑𝑡
 = [𝐻𝑂𝑁𝑂]𝑠

1 +[𝐻𝑂𝑁𝑂]𝑠
2 =  k′ ∗ [NO2]𝑠   (eq.4)  27 

The final step of the mechanism is the release of the generated HONO into the air. Since proteins are in general 28 

slightly acidic, the desorption of HONO (k3) should be fairly fast (eq.5).  29 

𝑑[HONO]𝑔 

𝑑𝑡
= k3 ∗ [HONO]𝑠     (eq.5) 30 

An effective formation rate of gaseous NO2 to gaseous HONO keff was calculated according to eq.6. 31 

𝑑[𝐻𝑂𝑁𝑂]𝑔

𝑑𝑡
= 𝑘𝑒𝑓𝑓 ∗ [𝑁𝑂2]𝑔      (eq.6) 32 

with keff = k1*k’*k3 33 

In the first 5-10 min of the long-term experiments HONO increased (Fig. 8 – zoomed in range). This slope was taken 34 

as d[HONO]g/dt in eq.6. Effective rate constants between 1.48x10
-6

 s
-1

 (VIS a) and 7.40x10
-6

 s
-1

 (VIS b) were 35 
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calculated. When irradiating with VIS light only, the concentration of HONO was either constant or decreased for 2 1 

h after this first 10 min. When irradiating with additional UV light, the HONO signal showed an enhancement in two 2 

steps. In the first 10 min it was strongly increasing (1327 ppt h
-1

) and then in the next hour it increased less with 170 3 

ppt h
-1

 prior to stabilization. Therefore two rate constants of 4.10x10
-6

 s
-1

 and 5.2x10
-7

 s
-1

 were obtained, respectively.  4 

Reactive uptake coefficients for NO2 were calculated according to Li et al. (2016). For both irradiation types the 5 

uptake coefficient γ was in the range of 7x10
-6

 at the very beginning of each experiment. After a few minutes they 6 

decreased to a mean of 1x10
-7

. The calculated keff values and uptake coefficient are in the same range and match the 7 

NO2 uptake coefficients on irradiated humic acid surfaces (coatings) and aerosols obtained by Stemmler et al. (2006 8 

and 2007) which were in between 2x10
-6

 and 2x10
-5

 (coatings) and 1x10
-6

 and 6x10
-6

 (aerosols), depending on NO2 9 

concentrations and light intensities. Similar NO2 uptake coefficients on humic acid were observed by Han et al. 10 

(2016). George et al., (2005) reported about a two-fold increased NO2 uptake coefficients for irradiated organic 11 

substrates (benzophenone, catechol, anthracene) compared to dark conditions, in the order of (0.6-5)x10
-6

. NO2 12 

uptake coefficients on gentisic acid and tannic acid were in between (3.3-4.8)x10
-7

 (Sosedova et al., 2011),  still 13 

being higher than on fresh soot or dust (about 1x10
-7

; Monge et al., 2010; Ndour et al., 2008). The NO2 uptake 14 

coefficients on BSA in presence of O3 (1x10
-5

, for 26 ppb NO2 and 20 ppb O3) published by Shiraiwa et al. (2012) 15 

were somewhat higher than the values calculated here without O3 but with light.  16 

As proteins can efficiently be nitrated by O3 and NO2 in polluted air (Franze et al., 2005, Shiraiwa et al., 2012; 17 

Reinmuth-Selzle et al. 2014), the emission of HONO from light-induced decomposing nitrated proteins could play an 18 

important role in the HONO budget. As proteins are nitrated at their tyrosine residues (at the ortho position to the OH 19 

group on the aromatic ring) the underlying mechanism of this HONO formation should be very similar to the HONO 20 

formation by photolysis of ortho-nitrophenols described by Bejan et al. (2006). This starts with a photo-induced 21 

hydrogen transfer from the OH group to the vicinal NO2 group (Fig. 1), which leads to an excited intermediate from 22 

which HONO is eliminated subsequently.     23 

4. Summary and Conclusion  24 

Photochemical nitration of proteins accompanied by formation of HONO by (i) heterogeneous conversion of NO2 25 

and (ii) by decomposition of nitrated proteins was studied under relevant atmospheric conditions. NO2 concentrations 26 

ranged from 20 ppb (typical for urban regions in Europe and USA) up to 100 ppb (representative for highly polluted 27 

industrial regions). The applied relative humidity of up to 80% and light intensities of up to 161 W/m
2
 are common 28 

on cloudy days. Under illuminated conditions very low nitration of proteins or even no native protein was observed, 29 

indicating a light-induced decomposition of nitrated proteins to shorter peptides. These might still include nitrated 30 

residues of which potential health effects are not yet known. An average effective rate constant of the total NO2-31 

HONO conversion of 3.3x10
-6

 s
-1

 (for about 120 cm
2
 of protein surface and a layer volume of 0.003 cm

3
; 32 

surface/volume ratio ~ 40000 cm
-1

) was obtained. At 20 ppb NO2 238 ppt h
-1

 HONO would be formed. Projecting 33 

this to 1m
2
 of pure BSA surface a formation of 19.8 ppb HONO h

-1 
m

-2
 could be estimated. No data about 34 

representative protein surface areas on atmospheric aerosol particles are available. However, the number and mass 35 

concentration of primary biological aerosol particles such as pollen, fungal spores and bacteria, containing proteins, 36 
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are in the range of 10-10
4
 m

-3
 and 10

-3
-1 µg m

-3
, respectively (Shiraiwa et al., 2012). Therefore it is difficult to 1 

estimate the importance of HONO formation on protein surface and its contribution to the HONO budget. In many 2 

studies the calculated un-known source strength of daytime HONO formation is with a range of about 200-800 ppt 3 

h
-1

 (Kleffmann et al., 2005; Acker et al., 2006; Li et al., 2012).  4 
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Tables and Figures 1 

Tab 1: Details on the different experiments, aims and experimental conditions (coating, applied NO2 concentration, 2 
number of lights switched on, relative humidity and time for each exposure step):  3 

  

Coating density (number 

of monolayers NMLf, 

thickness) 

NO2 [ppb] no. of lamps RH [%] 
time per 

step [h] 

A light induced decomposition of nitrated protein and HONO formation 

1 light and NO2 

dependency 

n-OVA 21.5 ± 0.8 µg cm
-2 

(68 NMLf , 298.05 nm)  

0-20 0-1-3-7 VIS 50 1 

 

       

B heterogeneous NO2 transformation on BSA 

2 NO2 dependency BSA 16.1±0.4 µg cm
-2 

(50 NMLf , 217.6 nm) 

0-20-40-60-

100 

7 VIS 50 0.5-1 

3 light dependency BSA 31.4±1.4 µg cm
-2 

(99 NMLf , 435.2 nm) 

20 0-1-3-7 VIS 50 0.5-1 

4 coating thickness BSA 16.1±0.4 µg cm
-2

  

(50 NMLf , 217.6 nm),   

22.5±0.8 µg cm
-2

  

(71 NMLf , 310.8 nm),  

31.4±1.4 µg cm
-2 

(99 NMLf, 435.2 nm) 

20 7 VIS  0.5-3 

5 RH dependency BSA 17.5±0.4 µg cm
-2  

(55 NMLf, 241.7 nm) 

25 0-7VIS 0-50-80 0.25-1 

6 time effect BSA 17.5±0.4 µg cm
-2

 100 7 VIS 75 20 

7 time effect BSA 17.5±0.4 µg cm
-2

 100 4 VIS + 3 UV 75 20 

NMLf numbers of monolayers in flat orientation  4 
 5 
 6 
 7 
 8 
 9 

 10 

Fig. 1: Reaction mechanism of atmospheric BSA nitration and subsequent HONO emission (formation of the tyrosine 11 
phenoxyl radical and following NO2 addition to 3-nitrotyrosine was adapted from Houée-Levin et al. (2015) and Shiraiwa 12 
et al. (2012); intramolecular H-transfer adapted from Bejan et al., 2006). 13 

 14 
 15 
 16 
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 1 

 2 

Fig. 2: flow system and set-up, MFC = mass flow controller  3 

 4 
 5 
 6 
 7 
 8 
 9 
 10 

 11 

Fig. 3: Light enhanced HONO formation from proteins nitrated in the liquid phase prior to the flow tube experiments (n-12 
OVA: ND 12.5%, coating 21.5 µg cm-2) with and without additional NO2 in the purging air at 50% RH (HONO is 13 
normalized to the HONO concentration measured without NO2 and no light ([HONO]lights; NO2/[HONO]dark; NO2=0)) .  14 

 15 
 16 
 17 
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 1 

 2 

Fig. 4: a) Light enhancement of HONO formation on BSA surface (22.5 µg cm-2), yellow shaded areas indicate periods in 3 
which 7 VIS lamps were switched on (RH = 50%, NO2 = 20 ppb); b) Dependency of HONO formation on radiation 4 
intensity at 20 ppb NO2 and 50% RH (BSA = 31.4 µg cm-2). The experiment started with 7 VIS lights switched on, 5 
sequentially decreasing the number of lights (red symbols, nominated 1-4), prior to apply the initial irradiance again (blue 6 
symbol, 5). HONO was normalized to the HONO concentration in darkness ([HONO]lights/[HONO]dark). Error bars 7 
indicate standard deviation of 20-30 min measurements, standard deviation of point 5 covers 2.75 h measurement.  8 

 9 

 10 

Fig. 5: Comparison of HONO formation dependency on NO2 at different organic surfaces. HONO concentrations are 11 
normalized to the HONO concentration at 20 ppb NO2 ([HONO]NO2/[HONO]NO2=20ppb). Red square = BSA coating (16 µg 12 
cm-2) at 161 W m-2 and 50% RH (this study), blue triangles pointing up = humic acid coating (8 µg cm-2) at 162 W m-2 and 13 
20% RH (Stemmler et al., 2006), dark blue triangles pointing down = humic acid aerosol with 100 nm diameter and a 14 
surface of 0.151 m2 m-3 at 26% RH and 1x1017 photons cm-2 s-1 (Stemmler et al., 2007), black circles =  gentisic acid coating 15 
(160-200 µg cm-2) at 40-45% RH and light intensity similar as in the humic acid aerosol case (Sosedova et al., 2011), green 16 
diamonds = ortho-nitrophenol in gas phase (ppm level) illuminated with UV/VIS light.   17 

 18 
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 1 

Fig. 6: HONO formation on three different BSA coating thicknesses, exposed to 20 ppb of NO2 under illuminated 2 
conditions (7 VIS lamps). The HONO concentrations were normalized to reaction tube coverage (black: 100% of reaction 3 
tube was covered with BSA, blueish: 70% of tube was covered and red: 50% of tube was covered with BSA). The middle 4 
thick coating (22.46 µg cm-2) was replicated and studied with different reaction times (cyan and blue triangle). Solid lines 5 
(with circles or triangles) present continuous measurements, when those are interrupted other conditions (e.g. light 6 
intensity, NO2 concentration) prevailed. Dotted lines show interpolations. Arrows indicate the intervals in which the 7 
shown decay rates were determined. Error bars indicates standard deviations from 10-20 measuring points (5-10 min). 8 

 9 

 10 

 11 

Fig. 7: Dependency of humidity on the transformation of 25 ppb NO2 in darkness (blue triangle) and with 7 VIS lights (red 12 
star). HONO was normalized to HONO concentrations in darkness under dry conditions 13 
([HONO]lights on-off; RH/[HONO]dark; RH=0).  14 
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 1 

Fig. 8: Extended (20 h) measurements of light-enhanced HONO formation on BSA (three coatings of 17.5 µg cm-2) at 80% 2 
RH, 100 ppb NO2. HONO decay rates [ppt h-1] are shown with time periods (in brackets) in which they were calculated, 3 
suggesting a stable HONO formation after 4 hours. Right: zoom in on the first 2 hours. Straight lines (black, grey, light 4 
and dark blue) show the regressions of which d[HONO]/dt were used in the kinetic studies. 5 

 6 

 7 

 8 

Fig. 9: Schematic illustration of the underlying Langmuir-Hinshelwood-mechanism of light induced HONO formation on 9 
protein surface.   10 
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