
Exchange of nitrogen dioxide (NO2) 

between plants and the atmosphere 

under laboratory and field conditions 
 

 

 

Dissertation 

Zur Erlangung des Grades 

Doktor der Naturwissenschaften 

 

am Fachbereich Biologie 

der Johannes Gutenberg-Universität Mainz 

 

 

 

Claudia Breuninger 

geboren am 25. Juni 1980 in Düsseldorf 

 

 

 

 

Mainz, 2011



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dekan:  

 1. Berichterstatter:  

 2. Berichterstatter:  

Tag der mündlichen Prüfung: 27.10.2011 



 

 

„Il semble que la perfection soit atteinte non  

quand il n’y a plus rien à ajouter, 

mais quand il n’y a plus rien à retrancher.“ 

 

 

„Perfektion ist nicht dann erreicht, 

wenn man nichts mehr hinzufügen, 

sondern wenn man nichts mehr weglassen kann.“ 

 

 

“Is seems that perfection is attained not 

when there is nothing more to add, 

but when there is nothing more to remove.” 

 

 

ANTOINE DE SAINT-EXUPERY 

 

 

 





CONTENTS  | I 

Contents	

Danksagung V 

Zusammenfassung VII 

Summary XI 

List of tables XIII 

List of figures XV 

List of abbreviations XX 

 

1 Introduction 1 

 1.1  Nitrogen in the atmosphere 1 

 1.2  Chemistry of NO, NO2 and O3 in the troposphere 3 

 1.3  NO and NO2 biosphere-atmosphere exchange in ecosystem forest 5 

  1.3.1  Processes in soil 7 

  1.3.2  Interaction with plants 8 

 1.4  Objectives of thesis 14 

 

2 Material and Methods 15 

 2.1  Basic considerations 16 

  2.1.1  Mass balance of the NO-NO2-O3 triad of a dynamic plant chamber 16 

  2.1.2  Molar mass flux densities, deposition velocities and compensation 
point concentrations 19 



II |  CONTENTS  

  2.1.3  Constraints of precision 23 

  2.1.4  Constraints of design 30 

 2.2  Trace gas analyzers 31 

 2.3  Calibrations, limits of detection, standard errors and precision of 
trace gas concentration measurements 34 

 2.4  Dynamic chamber system 35 

  2.4.1  Design and construction 35 

  2.4.2  Implementation of concentration and flux density measurements 40 

 2.5  Experiments 41 

  2.5.1  Plant material 41 

  2.5.2  Field site description and set-up 42 

  2.5.3  Laboratory set-up 43 

 

3 Specification and implementation of plant dynamic 
chamber system  45 

 3.1  Methods 46 

 Quality assurance and error analysis 

  3.1.1  Corrections for concentration changes in long tubing 46 

  3.1.2  Temporal response of analyzers 46 

  3.1.3  Temperature dependence of analyzers 46 

  3.1.4  Dynamic chamber: internal mixing, exchange rate of chamber 
volume, wall absorption and transmissivity 47 

  3.1.5  Significance of concentration differences 48 

  3.1.6  Bi-variate weighted linear least-squares fitting regression analysis 48 

  3.1.7  Standard errors of exchange flux densities, deposition velocities 
and compensation point concentrations 50 

  3.1.8  Significance of the compensation point concentrations 55 

 3.2 Results 56 

  3.2.1  Analyzers and system performance 56 

  3.2.2  NO2 blending for fumigation experiment 59 

  3.2.3  Characterization of the dynamic plant chamber 59 

    3.2.3.1  Radiation and NO2 photolysis rate  59 

    3.2.3.2  Sorption effects and chamber volume exchange time 61 



CONTENTS  | III 

  3.2.4  Demonstration of exchange flux density measurements 62 

    3.2.4.1  NO2 exchange flux density: Laboratory results 62 

    3.2.4.2  NO-NO2-O3 exchange flux densities: Field results 66 

 3.3 Discussion 72 

  3.3.1  Overview of previous NO2 exchange flux measurements using 
dynamic plant chambers 72 

  3.3.2  Precision, data quality and photochemical reactions 74 

    3.3.2.1  Precision and data quality 74 

    3.3.2.2  Significance of concentration differences 77 

    3.3.2.3  Photo-chemical reactions in the dynamic plant chamber: 
impact on net exchange flux densities, deposition velocities 
and compensation point concentrations 78 

  3.3.3  Bi-variate weighted linear regression 83 

 

4 Application of plant dynamic chamber system to 
field measurements 85 

 4.1  Methods 85 

  4.1.1  Photosynthesis rate, transpiration rate, stomatal conductance 85 

  4.1.2  Classification of data  86 

  4.1.3  Monitoring of plant-physiological processes due to chambers 87 

  4.1.4  Set-up at the ECHO project 88 

 4.2  Results 89 

EGER project 

  4.2.1  Microclimatic conditions 89 

  4.2.2  Plant physiology 90 

  4.2.3  Diurnal variations of gas exchange 92 

  4.2.4  Overview of plant chamber measurements 96 

  4.2.5  NO2 exchange flux density 99 

  4.2.6  O3 exchange flux density 111 

ECHO project 

  4.2.7  NO2 exchange flux density 122 

 

 



IV |  CONTENTS  

 4.3  Discussion 129 

  4.3.1  Effects on enclosed plants 129 

  4.3.2  NO2 exchange to leaves 130 

  4.3.3  Deposition velocities of NO2 and O3 133 

  4.3.4  NO2 compensation point concentration 136 

 

5 Conclusions and Perspectives 139 

6 References 147 

Curriculum Vitae 159 

 

 



THANK YOU! DANKSAGUNG  | V 

Danksagung	

An dieser Stelle möchte ich mich von ganzem Herzen bei all den Personen be-

danken, die auf verschiedenster Art und Weise zum Gelingen dieser Doktorarbeit 

beigetragen haben. 

Als erstes gilt mein Dank meinem wissenschaftlichen Betreuer für die Möglichkeit 

diese Arbeit unter seiner Leitung zu verwirklichen. Dank seiner Unterstützung, sein 

Vertrauen und das Überlassen großer Freiräume konnte diese Arbeit gelingen. 

Meine tiefe Dankbarkeit möchte ich gegenüber Dr. M. ausdrücken. Seine Bürotüre 

war für mich stets weit geöffnet. Er stand mir bei all meinen Sorgen und Nöten immer 

mit Rat und Tat zur Seite. Neben seiner immerwährenden Diskussionsbereitschaft 

möchte ich mich für seine freundschaftliche Hilfe und für das in mich gesetzte 

Vertrauen bedanken. 

Für die Finanzierung dieser Arbeit bedanke ich mich bei der Max-Planck-

Gesellschaft (MPG) und der Deutschen Forschungsgemeinschaft (DFG). 

Vielen Dank auch an das EGER-Team für all Eure Hilfe und Unterstützung. Nur 

durch Euch konnte diese Kampagne erfolgreich sein.  

Meinen Kollegen am Max-Planck-Institut möchte ich danken für ihre 

Diskussionsfreude, Ratschläge, Hilfe und Freundschaft. 

Den fleißigen Korrekturlesern sei ebenfalls von ganzem Herzen gedankt.  

Ein ganz großes Dankeschön geht an all jene, die für eine entspannende, arbeitsfrei 

Zeit gesorgt haben, sei es durch Quizen, Spieleabende, Rudelgucken, Rudern, Gebete, 

Essen oder Lachen.  

 



VI |  DANKSAGUNG THANK YOU! 

Nicht zuletzt möchte ich meiner Familie danken. Danke für das Ertragen all meiner 

Launen und für Eure Unterstützung während dieser Zeit. Eure Liebe, Geduld und Euer 

Zuspruch waren stets das Wichtigste und Bedeutendste für mich und werden es auch in 

Zukunft immer sein. 

Dank auch unserem großartigen Herrn für seine Liebe und Treue.  

 

 

 



ZUSAMMENFASSUNG  | VII 

Zusammenfassung	

Stickstoff ist für Mensch, Tier und Pflanze ein essentieller Nährstoff, der ein 

wichtiges Bauelement von Proteinen und Nukleinsäuren ist. Obwohl der Großteil der 

Erdatmosphäre aus molekularem Stickstoff (N2) besteht (78 %), können nur wenige 

Mikroorganismen diesen direkt nutzen. Um für höhere Pflanzen oder Tiere verwertbar 

zu sein, muss der molekulare Stickstoff in eine reaktivere oxidierte Form überführt 

werden. Dies geschieht innerhalb des Stickstoffkreislaufs unter anderem durch 

freilebende Mikroorganismen, in Symbiose lebende Knöllchenbakterien oder durch 

elektrische Entladungen bei Gewittern. Dem Menschen ermöglicht das Haber-Bosch-

Verfahren seit Anfang des 20. Jahrhunderts die Synthese von reaktivem Stickstoff. 

Damit konnte die Ernährungssicherung der Weltbevölkerung deutlich verbessert 

werden. Auf der anderen Seite hat der verstärkte Stickstoffeintrag die Versauerung und 

Eutrophierung von Ökosystemen und den Verlust an Biodiversität zu Folge. Für den 

Menschen ergeben sich nachteilige Auswirkungen auf die Gesundheit durch 

Feinstaubbildung und Sommersmog-Episoden. Reaktiver Stickstoff spielt zudem eine 

wichtige Rolle in der Atmosphärenchemie und deren globalen Kreisläufen von Schad- 

und Nährstoffen. 

Stickstoffmonoxid (NO) und Stickstoffdioxid (NO2) gehören zu den reaktiven 

Spurengasen und werden unter der Bezeichnung NOx zusammengefasst. Als wichtige 

Komponenten atmosphärischer oxidativer Prozesse beeinflussen sie aber auch die 

Lebenszeiten weniger reaktiver Treibhausgase. NO und NO2 entstehen u.a. bei 

Verbrennungsvorgängen durch die Oxidation von atmosphärischem Stickstoff sowie 

durch biologische Vorgänge in Böden. NO wird in der Atmosphäre relativ schnell zum 

biologisch wirksameren NO2 oxidiert. NO2 wird in der Atmosphäre langsam weiter zu 

Nitrat (NO3
-) und zu Salpetersäure (HNO3) aufoxidiert, lagert sich an Aerosole an und 

wird schließlich in der partikelgebundenen Form durch nasse und trockene Deposition 

aus der Atmosphäre ausgetragen. In der Atmosphärenchemie spielt NOx zudem eine 

wichtige katalytische Rolle bei Bildung und Abbau von troposphärischem Ozon (O3). 
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NO, NO2 und O3 befinden sich in der Atmosphäre in einem photostationären 

Gleichgewicht, weshalb man von der NO-NO2-O3 Triade spricht. In Bereichen mit 

erhöhtem NO-Gehalt können beispielsweise Reaktionen mit anderen Luftschadstoffen 

die Bildung von NO2 bewirken, wodurch das Gleichgewicht zur Ozonbildung hin 

verschoben wird. 

Für Pflanzen stellt die NO3
--Aufnahme über die Wurzel die Hauptquelle des 

essentiellen Nährstoffs Stickstoff dar. Im Boden wird atmosphärischer Stickstoff mittels 

Bakterien über Stickstofffixierung oder Ammoniakbildung und Nitrifikation zu NO3
- 

oxidiert. Zusätzlich nehmen Pflanzen atmosphärisches NO2 direkt über ihre 

Spaltöffnungen auf. NO2 wird im Apoplasten durch Disproportionierung als NO3
- und 

Nitrit (NO2
-) der Pflanze zur Verfügung gestellt. Mittels der Enzyme Nitrat- und 

Nitritreduktase erfolgt daraufhin eine weitere Umwandlung in Ammonium (NH4
+). 

Beeinflusst wird der NO2-Gaswechsel vom Partialdruckgradienten in den Lufträumen 

der Blätter, dem Öffnungszustand der Spaltöffnungen und den im Blatt vorhandenen 

Widerständen. Die Regulierung der Spaltöffnungen geschieht unter anderem über 

klimatische Umweltbedingungen wie Lichtintensität, Temperatur und dem 

Wasserdampfsättigungsdefizit. 

Die vorliegende Dissertation möchte dazu beitragen das Verständnis für die Rolle 

der Vegetation im NO2-Zyklus der Atmosphäre zu verbessern und die Frage nach einem 

NO2-Kompensationspunkt (mcomp,NO2) zu klären. Dazu wurde der NO2-Austausch 

zwischen der Atmosphäre und Fichten (Picea abies) auf Blattebene mittels eines 

dynamischen Kammersystems unter Freiland- und Laborbedingungen untersucht. Die 

Messungen erfolgten im Rahmen des EGER-Projekts (Juni-Juli 2008). Zusätzlich 

wurden zur Verfügung gestellte NO2-Messdaten ausgewertet, die während des ECHO-

Projekts (Juli 2003) an Eichen (Quercus robur) aufgenommen wurden. Das verwendete 

Messsystem ermöglicht die gleichzeitige Bestimmung der Austauschraten von NO, 

NO2, O3, CO2 und H2O. Da die Flussberechnungen von NO, NO2, und O3 auf sehr 

kleinen Konzentrationsdifferenzen (∆mi) beruhen, die zwischen Ein- und Ausgang der 

Messkammer gemessen werden, ist eine hohe Genauigkeit und Spezifität der 

Messungen erforderlich. Um dies zu erreichen, wurde ein hoch spezifisches NO/NO2 

Messinstrument verwendet und das gesamte Messsystem dahingehend optimiert, dass 

eine hohe Messgenauigkeit dauerhaft gewährleistet werden konnte.  
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Die Datenanalyse ergab, dass ein signifikanter mcomp,NO2 nur bestimmt werden kann, 

wenn die statistische Signifikanz von ∆mi gegeben ist. In Folge dessen wurde die 

Signifikanz von ∆mi als ein Qualitätskriterium für die Daten verwendet. Bei der 

Bestimmung der NO-, NO2- und O3-Austauschraten müssen die photochemischen 

Reaktionen der NO-NO2-O3 Triade innerhalb der Messkammer berücksichtigt werden, 

ansonsten werden Depositionsgeschwindigkeiten (vdep,NO2) und mcomp,NO2 überschätzt. 

Für Fichten konnte unter Laborbedingungen kein signifikanter mcomp,NO2 bestimmt 

werden, unter Feldbedingungen lag mcomp,NO2 zwischen 0.17 und 0.65 ppb und vdep,NO2 

zwischen 0.07 und 0.42 mm s-1. Die Analyse der Felddaten, gemessen an Eichen, ergab 

ebenfalls keinen NO2-Kompensationspunkt, vdep,NO2 lag zwischen 0.6 und 2.71 mm s-1. 

Damit verdichten sich die Hinweise, dass Wälder hauptsächlich als Senken für NO2 

anzusehen sind und mögliche NO2-Emissionen äußerst gering ausfallen. Nur bei hohen 

NO-Emissionen aus Böden, die in Reaktion mit Ozon mehr NO2 liefern als von 

Pflanzen aufgenommen wird, könnten Wälder Quellen für NO2 darstellen. 
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Summary	

Nitrogen is an essential nutrient. It is for human, animal and plants a constituent 

element of proteins and nucleic acids. Although the majority of the Earth’s atmosphere 

consists of elemental nitrogen (N2, 78 %) only a few microorganisms can use it directly. 

To be useful for higher plants and animals elemental nitrogen must be converted to a 

reactive oxidized form. This conversion happens within the nitrogen cycle by free-

living microorganisms, symbiotic living Rhizobium bacteria or by lightning. Humans 

are able to synthesize reactive nitrogen through the Haber-Bosch process since the be-

ginning of the 20th century. As a result food security of the world population could be 

improved noticeably. On the other side the increased nitrogen input results in acidifica-

tion and eutrophication of ecosystems and in loss of biodiversity. Negative health ef-

fects arose for humans such as fine particulate matter and summer smog. Furthermore, 

reactive nitrogen plays a decisive role at atmospheric chemistry and global cycles of 

pollutants and nutritive substances. 

Nitrogen monoxide (NO) and nitrogen dioxide (NO2) belong to the reactive trace 

gases and are grouped under the generic term NOx. They are important components of 

atmospheric oxidative processes and influence the lifetime of various less reactive 

greenhouse gases. NO and NO2 are generated amongst others at combustion process by 

oxidation of atmospheric nitrogen as well as by biological processes within soil. In 

atmosphere NO is converted very quickly into NO2. NO2 is than oxidized to nitrate 

(NO3
-) and to nitric acid (HNO3), which bounds to aerosol particles. The bounded 

nitrate is finally washed out from atmosphere by dry and wet deposition. Catalytic 

reactions of NOx are an important part of atmospheric chemistry forming or 

decomposing tropospheric ozone (O3). In atmosphere NO, NO2 and O3 are in photosta-

tionary equilibrium, therefore it is referred as NO-NO2-O3 triad. At regions with 

elevated NO concentrations reactions with air pollutions can form NO2, altering 

equilibrium of ozone formation. 

The essential nutrient nitrogen is taken up by plants mainly by dissolved NO3
- 

entering the roots. Atmospheric nitrogen is oxidized to NO3
- within soil via bacteria by 
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nitrogen fixation or ammonium formation and nitrification. Additionally atmospheric 

NO2 uptake occurs directly by stomata. Inside the apoplast NO2 is disproportionated to 

nitrate and nitrite (NO2
-), which can enter the plant metabolic processes. The enzymes 

nitrate and nitrite reductase convert nitrate and nitrite to ammonium (NH4
+). NO2 gas 

exchange is controlled by pressure gradients inside the leaves, the stomatal aperture and 

leaf resistances. Plant stomatal regulation is affected by climate factors like light inten-

sity, temperature and water vapor pressure deficit.  

This thesis wants to contribute to the comprehension of the effects of vegetation in 

the atmospheric NO2 cycle and to discuss the NO2 compensation point concentration 

(mcomp,NO2). Therefore, NO2 exchange between the atmosphere and spruce (Picea abies) 

on leaf level was detected by a dynamic plant chamber system under laboratory and 

field conditions. Measurements took place during the EGER project (June-July 2008). 

Additionally NO2 data collected during the ECHO project (July 2003) on oak (Quercus 

robur) were analyzed. The used measuring system allowed simultaneously determina-

tion of NO, NO2, O3, CO2 and H2O exchange rates. Calculations of NO, NO2 and O3 

fluxes based on generally small differences (∆mi) measured between inlet and outlet of 

the chamber. Consequently a high accuracy and specificity of the analyzer is necessary. 

To achieve these requirements a highly specific NO/NO2 analyzer was used and the 

whole measurement system was optimized to an enduring measurement precision. 

Data analysis resulted in a significant mcomp,NO2 only if statistical significance of ∆mi  

was detected. Consequently, significance of ∆mi was used as a data quality criterion. 

Photo-chemical reactions of the NO-NO2-O3 triad in the dynamic plant chamber’s vol-

ume must be considered for the determination of NO, NO2, O3 exchange rates, other-

wise deposition velocity (vdep,NO2) and mcomp,NO2 will be overestimated. No significant 

mcomp,NO2 for spruce could be determined under laboratory conditions, but under field 

conditions mcomp,NO2 could be identified between 0.17 and 0.65 ppb and vdep,NO2 between 

0.07 and 0.42 mm s-1. Analyzing field data of oak, no NO2 compensation point concen-

tration could be determined, vdep,NO2 ranged between 0.6 and 2.71 mm s-1. There is in-

creasing indication that forests are mainly a sink for NO2 and potential NO2 emissions 

are low. Only when assuming high NO soil emissions, more NO2 can be formed by 

reaction with O3 than plants are able to take up. Under these circumstance forests can be 

a source for NO2. 
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Introduction	

1.1 Nitrogen in the atmosphere 

The earth’s atmosphere consists to almost 78 % of non-reactive nitrogen (N2) and 

21 % of oxygen (O2). The remaining 1 % of the atmospheric gases is characterized by a 

high diversity of low-concentrated so-called trace gases. Although trace gases compose 

only a small proportion of the atmosphere they contribute significantly to atmospheric 

chemical processes, the Earth's radiative budget and biogeochemical cycles.  

Natural sources of atmospheric nitrogen compounds are nitrogen fixation by light-

ning and cosmic radiation as well as biogenic emissions of nitric oxide (NO) from 

natural and cultivated soils (SEINFELD and PANDIS 2006). Additionally anthropogenic 

sources of reduced nitrogen are fossil fuel combustion in industry and traffic, land-use 

and biomass burning. Table 1 presented an overview of the global nitrogen oxides 

(NOx) sources. 

 

Table 1: Overview of global sources of nitrogen oxides (NOx) (Tg-N yr-1). Values are from the 
IPCC Fourth Assessment Report, according to DENMAN et al., 2007. 

sources NOx (Tg-N yr-1) 

natural sources  

soil under natural vegetation 3.3 

lightning 5 

atmospheric chemistry <0.5 

natural total 8.8 

anthropogenic sources  
fossil fuel combustion and 
industrial processes 

33 

aircraft 0.7 

agriculture 2.3 

biomass and biofuel burning 7.1 

anthropogenic total 43.1 

total, all sources 51.9 
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Over the past 100 years two anthropogenic activities have greatly increased the 

reactive nitrogen availability, food and energy production (GALLOWAY et al. 2004). And 

since the discovery to synthesize NH3 from molecular N2, known as the Haber-Bosch 

process, the human impact on the global nitrogen cycle raised drastically (ERISMAN et 

al. 2008). By now the emission of reactive nitrogen from human activities (food and 

energy production) increased by over a factor of 10 compared to the late 19th century 

(GALLOWAY et al. 2004).  

Typical ambient nonurban NO2 concentrations are 0.05 to 1 ppb (LERDAU et al. 

2000). In regions of little industrial activity annual means of NO2 mixing ratios are up 

to 5 ppb and in urban or industrialized regions about 20 ppb can be achieved. During 

smog events the NO2 concentration may exceed 1 ppm (STULEN et al. 1998). An over-

view of NOx found in the atmosphere of urban and rural sites is presented in Table 2. It 

is striking that at remote sites the concentrations are a few tenth of ppb up to 1000 ppb 

at urban environments. The human input is clearly visible in the sharply decreasing of 

the NOx mixing ratios moving from urban to rural sites. 

 

Table 2: Typical NOx mixing ratios (SEINFELD and PANDIS 2006). 

area NOx,  ppb 

urban - suburban      10 - 1000 

rural 0.2 - 10 

remote tropical forests  0.02 - 0.08 

remote marine  0.02 - 0.04 

 

This emission of reactive nitrogen influences biogeochemical processes in the atmos-

phere, in terrestrial ecosystems and in freshwater and marine aquatic ecosystems. The 

ecosystem productivity can be enhanced through fertilization or decreased through 

nutrient imbalance. The ecosystem biodiversity can be decreased through acidification 

and eutrophication. A higher reactive nitrogen concentration in the atmosphere can 

increase the incidence of human illness due to O3 and particulate matter inhalation and 

the greenhouse potential of the atmosphere increases through N2O production 

(GALLOWAY et al. 2004). 
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1.2 Chemistry of NO, NO2 and O3 in the troposphere 

In the troposphere nitric oxide (NO), nitrogen dioxide (NO2) and ozone (O3) are one 

of the most important trace species of atmospheric chemistry (CRUTZEN 1979; LOGAN et 

al. 1983; WARNECK 1988; SEINFELD and PANDIS 2006). These gases are strongly related 

to each other and known as the NO-NO2-O3 triad. 

Reactive nitrogen oxides are mainly emitted into troposphere as NO by natural and 

anthropogenic sources. In the atmosphere NO reacts with O3 to form NO2 (R1). Under 

daylight conditions NO2 is photolyzed yielding NO (R2) again at wavelengths below 

424 nm (hυ). The formed oxygen atom reacts further to reproducing O3 (R3): 

 

 NO + O3 → NO2 + O2 (R1) 

 NO2 + hυ → NO + O (R2) 

 O + O2 + M → O3 + M (R3) 

 

where O is the oxygen radical and M symbolized a molecule which absorbs the re-

leased energy, like O2, N2 or H2O.  

Figure 1 illustrates the processing of nitrogen oxides in the troposphere. The reac-

tions (R1) to (R3) are the main reactions of NO and NO2 in the troposphere. All other 

reactions involving nitrogen oxides and O3 are connected to this equilibrium. Further 

reactions of nitrogen oxides generally forms nitrate (NO3
-). This oxidation path is 

closely connected to the photochemistry of hydroxyl radicals (OH) and hydroperoxyl 

radicals (HO2) with hydrocarbons, carbon monoxide (CO) (CRUTZEN 1979). Common 

intermediate products are nitrous acid (HNO2), nitrate radicals (NO3) and peroxyacetyl 

nitrate (PAN). There are two forms of nitrate present in the atmosphere, gaseous nitric 

acid (HNO3) and nitrate bound to aerosol particles. Dry and wet deposition of these 

products are an effective sink of reactive nitrogen oxides. 
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Figure 1: Scheme of oxidation of nitrogen oxides in the troposphere. Photochemical processes 
are indicated by dashed arrows (after WARNECK 1988, MEIXNER 1994). 

 

Nitrogen oxides are on special interest due to their regulation of the O3 cycle and 

impact on the hydroxyl radical (OH) budget. In the absence of O3 one of the dominant 

reaction pathways is the oxidation of NO by HO2: 

 

 HO2 + NO → NO2 + OH (R4) 

 

The OH radical is the main oxidant in the atmosphere and especially in the tropo-

sphere. It is extremely reactive and able to oxidize most of the chemical compounds 

found in the troposphere (SEINFELD and PANDIS 2006). Though NO is oxidized to NO2 

without the participation of O3 the back reaction of NO2 under daylight conditions 

produces O3. This is especially important in urban and industrial areas where high emis-

sions of both NO and CO are present (SEINFELD and PANDIS 2006). Under low NO 

mixing ratios, the HO2 radical reacts with O3 which leads to an overall consumption of 

O3: 
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 HO2 + O3 → OH + 2 O2 (R5) 

 

During night-time the NO-NO2-O3 triad is influenced by the formation of nitrate 

radicals (NO3). These radicals are formed by the reaction of O3 with NO2 (R6). NO3 

comproportionates with NO back to NO2 (R7): 

 

 O3 + NO2 → NO3 + O2 (R6) 

 NO + NO3 → 2 NO2 (R7) 

 

Nitrate radicals react with organic molecules in the same way as OH radicals do. 

They remove a hydrogen atom from alkanes to form an organic alkyl radical (R), which 

then reacts with O2 in the air to form peroxy radicals (RO2). Formed RO2 radicals are 

also able to oxidize NO. The availability of RO2 and HO2 depends on the oxidation path 

of CO, CH4 and other hydrocarbons. Depending on the oxidation pathways RO2 radicals 

can be formed or consumed. The used oxidation path depends on the nitrogen oxide 

mixing ratio in the air. Moreover, the mixing ratio of nitrogen oxides decides whether 

O3 will be produced or consumed (CRUTZEN 1987). This is one of the main roles of ni-

trogen oxides in atmospheric chemistry. The lower limit of O3 production is a nitrogen 

oxide mixing ratio of about 0.03 ppb. That means at higher values O3 will be produced. 

 

1.3 NO and NO2 biosphere-atmosphere exchange in ecosystem 

forest 

The exchange of reactive nitrogen between atmosphere and the ecosystem forest 

depends on turbulence, uptake by vegetation, deposition to soil, emission from soil and 

gas phase chemistry. The surface-atmosphere exchange of most gases is coupled to 

biological production and consumption processes. Figure 2 displays the NO-NO2-O3 

triad in a forest ecosystem. NO is emitted from soil into atmosphere. If the ground is 

covered by vegetation a reduced wind velocity will extend the residence time of the gas 

inside the vegetation stand. Under these conditions parts of the emitted NO are able to 

react with O3 to form NO2 (see (R1)). Shading by plants reduces the photolysis of NO2 

(see (R2)) in this area. Within the vegetation stand surface exchange processes take 
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place and photochemical reactions continue in the atmosphere. Thus, the understanding 

of the separate production and destruction processes and their link with exchange proc-

esses is necessary for an understanding of the ecosystem forest. 

NO , NO2  , O3  , VOC

O3

deposition to
leaf surface

O3 (and NO2)

O3

O3 and NO2

uptake (deposition)
through stomata

NO emission from soil

NO

O3

NO
NO + O3NO2 + O2

NO2

NO2

NO2

VOC

VOC emission

from leafs

NO+ O3 NO2+ O2


NO2+ O2 NO + O3
hv

RO•
2 + NO  RO+ NO2

 

Figure 2: Biosphere-atmosphere interaction (surface exchange and (photo-)chemistry proc-
esses) of the NO-NO2-O3-triad and volatile organic compounds (VOC) in a forest ecosystem 
(after COE et al 1993). 

 

Nitrogen is essential to the nutrition of plants and animals. It is a constituent in all 

proteins and in the nucleic acids of all organisms. But the atmospheric nitrogen is not 

available for most biological organisms because the gaseous nitrogen molecules have 

very strong bonds, making the gas chemically stable (SEINFELD and PANDIS 2006). 

Accordingly, the availability of nitrogen is often a limiting factor for the biomass pro-

duction of an ecosystem. To be useful for higher plants and animals, atmospheric 

nitrogen has to be converted to a reduced state. Some species of bacteria possess the 

enzyme nitrogenase which can convert atmospheric nitrogen into ammonium (NH4
+) 

which can be metabolized by plants. These nitrogen-fixing organisms belong to the 

procaryotes (e.g. bacteria, cyanobabteria, actinomycetes) and may live freely in soil 

(e.g. Azotobacter chroococcum, Clostridium pasteurianum) or are symbionts (e.g. 

Rhizobium, Bradyrhizobium). Green plants can take up nitrogen directly from soil as 

nitrate (NO3
-) or as ammonium ions like mineral elements. The soil nitrate is derived 
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from natural mineral deposits, artificial fertilizers, animal waste or organic decay as the 

product of bacterial nitrification. Nitrates absorbed in this fashion are converted to 

nitrites (NO2
-) by the enzyme nitrate reductase (NR), and then converted to ammonia by 

another enzyme called nitrite reductase (NiR). 

 

1.3.1 Processes in soil 

Within the soil NO can be produced and consumed. These processes are incorpo-

rated into the metabolism of microorganisms. Hereby two main biological processes are 

responsible, nitrification and denitrification (WILLIAMS et al. 1992). Figure 3 displays a 

schematic representation of the soil nitrogen cycle and the uptake of nitrogen com-

pounds by plants.  

Nitrification is a mainly aerobic process in which ammonium (NH4
+) is oxidized to 

nitrite (NO2
-) and nitrate (NO3

-). It is a two-step process in which two different groups 

of microorganisms are involved, Nitroso-bacteria (ammonia oxidizers) and Nitro-bac-

teria (nitrite oxidizers). In the first step Nitroso-bacteria oxidize NH4
+ via hydroxyl-

amine (NH2OH) to NO2
- and in the second step Nitro-bacteria oxidize NO2

- to NO3
-. 

Within the oxidation process formation of gaseous NO and N2O as intermediate com-

pounds is observed (ROBERTSON and GROFFMAN 2007). But the exact pathway of this 

formation is still not clarified (LUDWIG et al. 2001). NO can also be produced via NO2
- 

reduction by Nitroso-bacteria (LUDWIG et al. 2001; ROBERTSON and GROFFMAN 2007). 

This occurs when O2 is limited and the bacteria use NO2
- as an electron acceptor 

(BOLLMANN and CONRAD 1998). 

Denitrification occurs under anaerobic conditions and is the reduction of NO3
- to N2 

and the intermediate compounds NO2
-, NO and N2O. These microorganisms use NO3

- 

rather than O2 as a terminal electron acceptor (ROBERTSON and GROFFMAN 2007). The 

denitrifiers are aerobic microorganisms, which can switch to anaerobic denitrification 

when O2 is limited. Moreover O2 is the more efficient electron acceptor, hence most 

denitrifies only carry out denitrification when O2 is unavailable. This happens especially 

after rainfalls, when the soil pores become filled up with water and the O2 diffusion 

through the soil is slow. 
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Figure 3: Schematic representation of soil nitrogen cycle. Nitrogen from the atmosphere is 
converted by bacteria into nitrogen compounds which are useable for plants. 

 

1.3.2 Interaction with plants 

Plants get nitrogen from the soil in form of nitrate (NO3
-) or ammonium (NH4

+) by 

absorption of their roots. If NO3
- is absorbed, it is inside the cells first reduced to nitrite 

(NO2
-) by the enzyme nitrate reductase (NR) and then converted to NH4

+ by the enzyme 

nitrite reductase (NiR) for incorporation into amino acids, nucleic acids and chlorophyll 

(see below). Plants of the Fabaceae family (legumes) have a symbiotic relationship 

with rhizobia. These soil bacteria were located inside root nodules and convert atmos-

pheric nitrogen into a form of nitrogen, which is usable to the host plant. For the 

nitrogen fixation the enzyme nitrogenase is used. After absorption of NH4
+ by the plant, 

ammonium is incorporated into amino acids by the enzyme glutamine synthetase (see 

below).  
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Another source of nitrogen for plants is the uptake of atmospheric nitrogen by 

leaves. In general, plants are considered as a sink of atmospheric nitrogen oxides. Since 

the studies by HILL (1971), the deposition of atmospheric NO and NO2 is demonstrated 

for different plants. The uptake by plants depends on the plant species. HANSON and 

LINDBERG (1991) provide a comprehensive overview of the deposition of NO2 to leaf 

and canopy surfaces, respectively. The authors show that the NO2 leaf conductances 

under daytime conditions differ by two magnitudes. Continuative studies have identified 

some factors, which make a contribution to the different uptake rates. JENSEN and 

PILEGAARD (1993) found out that the nitrate supply in the soil have an effect on the NO2 

uptake rate. Also the salinity of the soil plays a role (FUHRER and ERISMANN 1980). 

Moreover, uptake rates differ also inside one species. Apparently the plant develop-

mental stage is an important factor as indicated by studies of GRENNFELT et al. (1983) 

who investigated different ages of Scots pine needles. They identified NO2 uptake vari-

ability of about 100 %.  

The uptake of NO2 proceeds mainly by diffusion through the stoma (SKÄRBY et al. 

1981; SAXE 1986; HANSON et al. 1989; THOENE et al. 1991). A smaller fraction of NO2 

is absorbed by the cuticula of the leaves or the surface water film if present 

(KISSER-PRIESACK et al. 1987, 1990; BURKHARD and EIDEN 1994) (Figure 4).  

 

Figure 4: Illustrating the different pathways of trace gas uptake to a leaf. 
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The deposition on a dry or wet cuticle is at least one or two orders of magnitude 

lower than the stomatal uptake (WELLBURN 1990). The NO2 molecule can undergo irre-

versible as well as reversible reactions with phenolic components of the cuticle 

(LENDZIAN and KERSTIENS 1988; KISSER-PRIESACK et al. 1990) Hence, NO2 can also be 

re-emitted into atmosphere. However, these processes seem to be negligible in compari-

son to the total NO2 flux. 

The gas uptake through the stomata is driven by the concentration gradient between 

the gas phase inside and outside the leaf. Several studies have demonstrated a linear 

increase of NO2 uptake with rising atmospheric NO2 concentration (JOHANSSON 1987; 

THOENE at al. 1991, 1996). 

A plant can control the entry of gases into the leaf by varying the stomatal aperture. 

Number, distribution, size, shape and activity of the stoma are species specific. Addi-

tional they vary with adaptation to the place of growth and one individual to another as 

well. The stomatal movement is regulated mainly by two controlling cycles, carbon 

dioxide and water. The degree of opening is adjusted continuously to changes in the 

environment, such as light intensity, temperature, air humidity and carbon dioxide con-

centration. 

In the substomatal cavity NO2 dissolves rapidly in the aqueous phase of the 

apoplastic space where it disproportionates to NO2
- and NO3

- (LEE and SCHWARTZ 1981; 

RAMGE et al. 1993). Due to the better solubility in aqueous solutions NO2 will be dis-

solved easier than NO. However, the observed uptake rate of NO2 cannot be explained 

by the liquid solubility only. The disproportionation reaction appears too slow to 

explain the measured leaf fluxes of NO2 (PARK and LEE 1988; RAMGE et al. 1993). 

Hence, the reduction of NO2 by apoplastic antioxidants, particularly ascorbate, has been 

proposed (RAMGE et al. 1993). The theoretical calculations of RAMGE et al. (1993) 

demonstrated sufficient rates to explain observed NO2 leaf fluxes if the reactions 

between water and NO2 and between NO2 and ascorbate are taken into account. The 

role of ascorbate in the foliar uptake of NO2 has been experimentally demonstrated by 

TEKLEMARIAM and SPARKS (2006). They observed a significant correlation between leaf 

ascorbate concentrations and the leaf fluxes of NO2. However, apoplastic ascorbate 

concentrations differ between species but also between individuals of the same species 

depending on environmental factors (POLLE et al. 1995; LUWE 1996). 
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Apoplastic NO2 and NO3
- can be incorporated into the general nitrogen metabolism 

of the leaves. Taking all these steps into account Figure 5 gives an overview about the 

different assimilation pathways for atmospheric NO, NO2 and NH3. After taken up into 

the apoplast the formed NO2
- and NO3

- are transported into the cytoplasm of mesophyll 

cells (AMMANN et al. 1995) where NO3
- is reduced to NO2

- by nitrate reductase (NR) 

(THOENE et al. 1991, TISCHNER 2000). NO2
- is then transported into the chloroplast, 

where it is reduced to NH4
+ by nitrite reductase (NiR). Moreover, NH4

+ can be formed 

by assimilation of gaseous ammonia (NH3). The NH4
+ is then incorporated into the 

amino acid glutamine by the enzyme glutamine synthetase (GS) inside the cytoplasm. 

Alternatively, NH4
+ can be incorporated by chloroplastic glutamate synthetase, a step 

also known as GOGAT cycle (LEA and MIFLIN 1974). Different studies revealed that 

GS is located in the cytoplasm (GS1) and in the chloroplast (GS2) of plant cells (MAECK 

1995; SAKAKIBARA et al. 1996). 

 

Figure 5: Biochemical processes involved in foliar uptake and assimilation of NOx and NH3. 
Dashed lines indicate the possible role of cytosolic glutamine synthetase (GS1) or chloroplastic 
glutamate synthetase (GS2) in the assimilation of NH4

+ derived from gaseous NH3 (after LEA et 
al. 1994; STULEN et al. 1998) 
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The ability of plants to incorporate atmospheric NO2 into free amino acids was 

demonstrated by numerous studies using 15N as a tracer (NUSSBAUM et al. 1993; WEBER 

et al. 1995; YONEYAMA et al. 2003). The studies have demonstrated that the primary 

assimilation of inorganic nitrogen into amino acids is largely through the GS/GOGAT 

pathway (YONEYAMA et al. 2003). 

The question weather atmospheric nitrogen uptake by leaves affects the nitrogen 

uptake by roots is still under discussion. According to SCHULZE (1989) additional leaf 

uptake of atmospheric nitrogen causes a nutrient imbalance due to nitrogen to cation 

discrepancies, which result in decline symptoms like needle yellowing and loss. 

RENNENBERG and GEßLER (1999) reported on a down-regulation of the nitrogen uptake 

by roots to an extent that equals nitrogen uptake by leaves. We understand that the foliar 

uptake is significant enough (10 - 25 %) to influence plant metabolism but the complex 

regulation between root uptake, nitrogen availability and foliar uptake is a complex in-

teraction of metabolic processes and physiological regulations and need further research 

(VALLANO and SPARKS 2008). 

Moreover, plants can also act as a source of gaseous nitrogen compounds. The emis-

sion of ammonia (NH3) by plants has been reported (KESSELMEIER et al. 1993; 

FANGMEIER et al. 1994; SCHJOERRING et al. 1998, 2000). Contrasting the emission of 

NO and NO2 by plants is not accepted finally. NO emission is demonstrated only by a 

few studies (KLEPPER 1997; DEAN and HARPER 1986; WILDT et al. 1997). However, 

WILDT et al. (1997) estimated that plants emitted only 1 - 5 % NO compared to the 

global emission rate of NO from soils. Because NO has a lower water solubility than 

NO2, the NO uptake by plants is lower than for NO2 (MEIXNER 1994). 

Similarly the potential emission of NO2 by plants is still under discussion. A release 

may be expected when atmospheric NO2 mixing ratios are below a certain compen-

sation point concentration. LERDAU et al. (2000) reported that depending on the leaf 

area indices of the relevant sites only 25 to max. 80 % of the NOx mainly derived from 

NO emission is escaping the forest (see JACOB and WOFSY 1990; YIENGER and LEVY 

1995; WANG et al. 1998). However, such results do not agree with leaf-level measure-

ments reporting about NO2 emission from plants (besides plant uptake of NO2). Corre-

sponding compensation point concentrations of NO2 between 0.3 and 3 ppb have been 

reported (RONDÓN et al. 1993; THOENE et al. 1996; WEBER and RENNENBERG 1996a; 
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SPARKS et al. 2001; GEßLER et al. 2000, 2002; HEREID and MONSON 2001), suggesting 

plants to act as a sink for atmospheric NO2 when ambient NO2 concentrations are ex-

ceeding, or as a source of NO2 when ambient NO2 concentrations are below the NO2 

compensation point concentration. Table 3 gives an overview of reported NO2 com-

pensation points. According to LERDAU et al. (2000), these results and discussions 

contradict the reports of JACOB and WOFSY (1990), who demonstrated that even at 

ambient NO2 concentrations of 0.2 to 0.4 ppb a strong uptake of NO2 by plants (primary 

rainforest) is still required to align measured NO2 concentrations in the canopy with the 

measured NO soil emission rates. LERDAU et al. (2000) emphasized the urgent need to 

find an explanation for this discrepancy, particularly in remote regions far away from 

anthropogenic NOx sources (e.g. primary rain and boreal forests under low NOx 

regimes). Thus it is required to investigate the contribution of the NO2 uptake by plants 

and to ensure NO2 compensation point concentrations at (sub-) ppb levels. 

 

Table 3: Reported NO2 (or NOy) compensation point concentrations obtained from literature. 

NO2 
compensation 

point,  ppb 
plant species author 

0.03 - 17* Scots pine Raivonen et al. (2009) 

1 - 3 Scots pine (Pinus sylvestris) Johansson (1987) 

1.8 - 1.9 Beech (Fagus sylvatica) Geßler et al. (2000) 

1.7 Norway spruce (Picea abies) Geßler et al. (2002) 

1.64 ± 0.3 Norway spruce (Picea abies) Thoene et al. (1996) 

0.53 - 1.6 tropical trees Sparks et al. (2001) 

1.0 - 1.2 

Wheat (Triticum aestivum) 
Corn (Zea mays) 
Sunflower (Helianthus annus) 
Catharanthus (Madagascar periwinkle) 

Teklemariam & Sparks (2006) 

1.15 Wheat (Triticum aestivum) Weber and Rennenberg (1996) 

0.02 - 1.1 
European tree species 
(Fagus sylvatica, Quercus robur, Quercus 
ilex, Betula pendula, Pinus sylvestris) 

Chaparro-Suarez et al. (2011) 

0.9 Corn (Zea mays) Hereid & Monson (2001) 

0.1 - 0.7 
Scots pine (Pinus sylvestris) 
Norway spruce (Picea abies) 

Rondón et al. (1993) 

<0.1 - 0.6 Norway spruce (Picea abies) Rondón & Granat (1994) 

<0.1 - 0.3 Scots pine (Pinus sylvestris) Rondón & Granat (1994) 

 * (NOy) 
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1.4 Objectives of thesis  

In this study measurements with a dynamic chamber system were performed to de-

termine plant surface-atmosphere exchange fluxes of NO2 (NO and O3) under typical 

field conditions (uncontrolled) for a relatively remote, managed Norway spruce forest 

site as well as under controlled conditions including (laboratory) fumigation experi-

ments. Because NO2 compensation point concentrations were reported at (sub-)ppb 

levels, our laboratory NO2 fumigation experiments were performed with 3- to 4-yr old 

Norway Spruce trees at 0.3 - 3.4 ppb. Also under field conditions, such low ambient 

NO2 concentrations can be expected. 

Moreover, exchange fluxes derived from dynamic chamber measurements are based 

on generally (very) small differences of NO2 (NO, O3) concentrations between inlet and 

outlet of the chamber. Consequently, detection limits of corresponding analyzers, statis-

tical significance of the concentration differences, as well as the statistical goodness of 

measurements definitely have a substantial impact on the identification and 

quantification of statistically significant deposition velocities and compensation point 

concentrations, and have been considered correspondingly. Furthermore, as the ex-

change of NO2 is a complex interaction of transport, chemistry and plant physiology, in 

our field experiments we determined fluxes of NO, NO2, O3, CO2 and H2O. 

This thesis presents basic considerations of dynamic plant chamber system 

measurements and the constraints of precision and design for chamber measurements as 

well as results of laboratory and field measurements. In chapter 3 specification and 

implementation of the performed dynamic plant chamber system are presented. The 

performance of data analysis is demonstrated on values from laboratory experiments 

and selected results from field measurements. The application of the chamber system to 

field measurements and the results for the trace gas exchange between plants and the 

atmosphere under field conditions are described in chapter 4.  
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Material	and	Methods	

The commonly used technique for leaf-level exchange measurements of NO2 is the 

dynamic chamber technique (a technique also used for many non-reactive (e.g. CO2, 

H2O, COS) and reactive trace gases (e.g. NO, O3, VOCs, DMS, CS2, HONO, HNO3, 

CH2O, HCOOH, CH3COOH)). Here, an entire plant (or parts of a plant) is enclosed in a 

(transparent) chamber which is purged by (preferably ambient) air. Two measurements 

of NO2 concentration are usually performed, namely (1) at the entrance of the chamber 

(= ambient NO2 concentration) and (2) within the chamber. If the chamber is well 

mixed, the latter measurement can be replaced by that of the outlet NO2 concentration. 

Alternatively, a set of two chambers, one enclosing the plant the other being empty, can 

be used. To relate these two concentration measurements to the exchange (i.e. the uni- 

or bi-directional flux) of NO2 between the (chamber) atmosphere and the enclosed plant 

(or parts of plant), the full mass balance of the dynamic chamber must be considered, 

i.e. NO2 fluxes entering and leaving the chamber, as well as all other fluxes due to NO2 

sinks and sources within the chamber’s volume. Under typical field conditions (i.e. am-

bient air enters the dynamic chamber), not only NO2 is purged through the chamber, but 

also ambient NO and O3. Fast reaction between NO and O3 forms a “chemical” source 

of NO2, while (under daylight conditions) photolysis of NO2 ( = 420 nm) is a “chemi-

cal” sink. Depending on actual ambient NO2, NO and O3 concentrations as well on UV 

irradiation intensity, corresponding “gas phase fluxes” may reach the magnitude of the 

NO2 flux from/to the enclosed plant(s) (MEIXNER et al. 1997; PAPE et al. 2009). Con-

sequently, simultaneous measurements of NO2, NO and O3 concentrations at the outlet 

of the chamber are required. However, since there is substantial uptake of O3 by the 

plants (to a much lesser extent also of NO), NO2, NO and O3 concentrations at the inlet 

of the chamber have to be measured, too. As a positive “by-product” of these additional 

concentration measurements, deposition velocities of O3 (and NO) may be inferred con-

sidering the dynamic chamber’s mass balances of O3 and NO. 
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2.1 Basic considerations 

A small branch of a tree (leaf area Aleaf), which is enclosed in a transparent plant 

chamber of volume V was considered. The air within the plant chamber is well mixed 

by action of one (or more) fan(s). Ambient air (containing NO2, NO and O3) is entering 

the plant chamber at the inlet, flushing the chamber with the purging rate Q (m3 s-1) and 

leaving the chamber at the outlet. Within plant chamber trace gases of the NO-NO2-O3 

triad may be (a) emitted and/or taken up from/by leaves, (b) deposited to the inner walls 

of the plant chamber and (c) destroyed and/or generated by (fast) photo-chemical reac-

tions. 

 

2.1.1 Mass balance of the NO-NO2-O3 triad of a dynamic plant chamber 

Considering the molar mass flux of the trace gas i (i = NO2, NO, O3), i.e. the deriva-

tive of molar mass Mi with respect to time (Mi/t in nmol s-1), the individual flux com-

ponents of the dynamic plant chamber system are defined as follows: 

 

Min,i/t := molar mass flux of trace gas i entering the plant chamber 

Mout,i/t := molar mass flux of trace gas i leaving the plant chamber 

Mwall,i/t := molar mass flux of trace gas i to the inner wall of the plant chamber (due 

to ad-/absorption of trace gas i) 

Mem,i/t := molar mass flux of trace gas i caused by (biogenic) emission from the 

leaves 

Mdep,i/t := molar mass flux of trace gas i caused by uptake to the leaves (e.g. cuticu-

lar, stomatal and/or mesophyllic uptake) 

Mprod,i/t := molar mass flux of trace gas i into the plant chamber’s volume caused by 

gas phase production, i.e. from photochemical decay or fast chemical re-

action of other trace gas(es)  

Mdest,i/t := molar mass flux of trace gas i out of the plant chamber’s volume caused 

by gas-phase destruction, i.e. by photochemical decay of trace gas i or by 

fast chemical reaction with other trace gas(es). 
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Under steady-state conditions (i.e. concentrations of trace gas i are constant (have 

reached equilibrium)) and considering the convention, that mass fluxes into (out) of the 

plant chamber’s volume are counted positive (negative), the molar mass flux balance of 

the trace gas i is given by  
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While the first three and the last two left-hand terms of Eq. (1) may be known and/or 

are determined by laboratory or in-situ measurements, Mem,i/t and Mdep,i/t are the 

unknown fluxes of trace gas i. We combine these two fluxes to the bi-directional “ex-

change flux” Mex,i/t  
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M i,depi,emi,ex
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Considering the purging rate Q (m3 s-1) and the molar concentration ma,i (nmol m-3) of 

trace gas i in ambient air, the ingoing flux is 

 

i,a
i,in mQ

t

M





  32 ,, ONONOi   (3) 

 

The molar concentration at the outlet of the plant chamber is equivalent to the molar 

concentration within the plant chamber (ms,i in nmol m-3), provided the plant chamber’s 

volume is well mixed by one (or more) appropriate fan(s) (see MEIXNER et al. 1997; 

PAPE et al. 2009). Then, the flux leaving the chamber is defined by  

 

i,s
i,out mQ

t

M





 32 ,, ONONOi   (4) 

 

The flux to the inner walls can be easily determined by corresponding laboratory 

experiments (e.g. LUDWIG 1994; MEIXNER et al. 1997). If the material of the plant 

chamber is consisting of chemically inert material, the flux Mwall,i/t can usually be 



18 |  MATERIAL AND METHODS 

neglected. In case of the NO-NO2-O3 triad, the relevant photochemical reactions con-

trolling the gas-phase production and destruction of the respective trace gas are  

 

223 ONOONO  , )T/(
R e.k:k 131012

1 1041    (see R1) 

ONOhNO  2 ,  22 : NOjkR  ,   nm420  (see R2) 

 

Applying simple reaction kinetics, the corresponding fluxes Mprod,i/t and Mdest,i/t 

are given by 
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 (6) 

 

where V is the plant chamber’s volume (m3), k is the (temperature-dependent) reaction 

coefficient of the NO + O3 reaction (m3 nmol-1 s-1) (ATKINSON et al. 2004) and j(NO2) 

(s-1) is the photolysis rate of reaction (R2), which can be measured in-situ (or 

parameterized from data of global radiation; see TREBS et al. 2009).  

Considering Eqs. (1) - (6), the molar mass flux balances of the trace gas triad 

NO-NO2-O3 (under steady state conditions) can be formulated as follows: 
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3
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
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Equations (7.1) - (7.3) explicitly define the molar mass fluxes (in nmol s-1) of the NO2, 

NO and O3 surface exchange between the plant chamber’s atmosphere and the enclosed 

leaves in terms of measured and/or a priori known quantities only.  



MATERIAL AND METHODS  | 19 

2.1.2 Molar mass flux densities, deposition velocities and compensation 

point concentrations 

Equations (7.1) - (7.3) are formulated in terms of molar mass fluxes (in nmol s-1). 

However, considering the exchange of reactive trace gases between the plant chamber’s 

atmosphere and the enclosed leaves, the exchange flux density (Fex,i) of the molar mass 

(in nmol m-2 s-1) is commonly used rather than the molar mass flux itself. In case of 

plant chamber studies, the appropriate reference surface (reference area) is the surface 

area (Aleaf, in m2) of the leaves. Therefore, the exchange flux density Fex,i is defined as 

Fex,i := (Mi / t) / Aleaf, and the corresponding balance equations will read as follows: 
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In case of defined laboratory experiments, where plants may be fumigated with only 

one of the three trace gases (i.e., gas-phase production and/or destruction of the trace 

gas can be ruled out), Eqs. (8.1) - (8.3) will reduce to the well-known form of  

 

 i,si,a
leaf

i,ex mm
A

Q
F   32 ,, ONONOi   (8.4) 

 

In case of bi-directional exchange (see Eq. (2)), the exchange between the plant 

chamber’s atmosphere and the leaves can be directed to or away from the leaves. This 

exchange process can be subject to the so-called “compensation point concentration” 

(mcomp,i, in nmol m-3). According to CONRAD (1994), mcomp,i is “that concentration at 

which the consumption rate reaches the same value as the production rate, so that the 

result of both processes is zero flux”. The exchange flux density Fex,i is commonly pa-

rameterized (e.g. HICKS et al. 1987) by the so-called “deposition velocity” vdep,i (in m s-1 

or mm s-1) of trace gas i and its compensation point concentration, mcomp,i: 
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 2222 NO,compNO,sNO,depNO,ex mmvF   (9.1) 

 NO,compNO,sNO,depNO,ex mmvF   (9.2) 

 3333 O,compO,sO,depO,ex mmvF   (9.3) 

 

Note, that (by convention) Fex,i is directed “downward” to the leaves, if ms,i > mcomp,i, 

Fex,i is zero, if ms,i = mcomp,i and Fex,i is directed “upward” from the leaves, if 

ms,i < mcomp,i . 

Given, that the quantities Q, Aleaf, k and j(NO2) are a priori known and/or simulta-

neously measured with ms,i and ma,i. Then, the desired quantities, vdep,i and mcomp,i, are 

commonly determined from the linear relationship between Fex,i and ms,i, where vdep,i is 

the slope and mcomp,i is the intersect of Fex,i with the ms,i-axis (see RONDÓN and GRANAT 

1994; THOENE et al. 1996; WEBER and RENNENBERG 1996a; SPARKS et al. 2001; HEREID 

and MONSON 2001; GEßLER et al. 2002).  

However, due to the fact, that Fex,i (see Eqs. (8.1) - (8.3)) contains the term 

Q/Aleaf  (ma,i – ms,i), the calculation of any form of linear regression between Fex and ms,i 

is mathematically not correct, because the dependent variable Fex,i contains the inde-

pendent variable (ms,i). 

This problem can be resolved by returning to the originally measured quantities, ma,i 

and ms,i. If we combine Eqs. (8.1) - (8.3) and Eqs. (9.1) - (9.3) and resolve these equa-

tions for ms,NO2, ms,NO and ms,O3, we yield three linear relationships between the meas-

ured variables ms,NO2 and ma,NO2 , ms,NO and ma,NO  and ms,O3 and ma,O3: 
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3333 O,aO,s mmnm   (10.3) 

using the definitions: 
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The quantities ni and mi may be evaluated (graphically) as the intercept and the slope of 

the plot of measured ms,i versus measured ma,i. Application of different forms of linear 

regression analysis delivers ni and mi and bi-variate weighted linear least-squares fitting 

(which considers uncertainties of both, ms,i and ma,i) provides also their standard errors 

sn,i and sm,i (see Sect. 3.1.6). 

The linear relationships between Fex,i and ms,i are still maintained. This can be shown 

by resolving Eqs. (10.1) - (10.3) for ma,i and making use of Eqs. (8.1) - (8.3):  
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Finally, the desired deposition velocities (vdep,i) of the NO-NO2-O3 triad result from 

Eqs. (11.1) - (11.3), resolving for vdep,i, 
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and the desired compensation point concentrations (mcomp,i) of the NO-NO2-O3 triad 

result from combining Eqs. (11.1) - (11.3) and Eqs. (13.1) - (13.3): 
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The quantities n1, n2, n3 and m1, m2, m3 cannot be determined (graphically or numeri-

cally) from single pairs of ma,i and ms,i, but from a (statistically sufficient) set of 

measured ma,i and ms,i (i.e. data sets classified for defined conditions of irradiation, tem-

perature, humidity, concentrations, respectively). Therefore, n1, n2, n3 and m1, m2, m3 

represent mean values for these data sets. Consequently, the quantities Q, Aleaf, j(NO2), 

k, ms,NO2, ms,NO and ms,O3 in Eqs. (12.1) - (12.3), (13.1) - (13.3) and (14.1) - (14.3) must 

be averaged over the same (time) period (the same data set) of ma,i and ms,i measure-

ments from which the quantities ni and mi have been derived. 

Fex,i, vdep,i and mcomp,i of the NO-NO2-O3 triad were calculated from trace gas 

concentrations which were normalized for temperature and barometric pressure (0 °C, 

1013.25 hPa). 
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2.1.3 Constraints of precision 

Exchange flux densities Fex,i are determined from molar concentrations of the 

NO-NO2-O3 triad, ambient ones (ma,i) as well as those in the plant chamber (ms,i) (see 

Eqs. (8.1) - (8.3)). They are all measured with one set of analyzers only. The calculation 

procedure of exchange flux densities, deposition velocities as well as compensation 

point concentrations is based on linear regression analysis of ma,i and ms,i, which are (a) 

both error-prone and (b) not very different of each other, i.e. their difference is usually 

(very) small. The uncertainties of these differences depend mainly on the precision of 

the analyzers; the uncertainties might be large and consequently those of the derived 

quantities Fex,i, vdep,i and mcomp,i.  

For the sake of simplicity we assume well defined laboratory conditions. Then, the 

trace gas exchange flux densities Fex,i are described by Eq. (8.4), which is equivalent to 

(a) only pre-scribed concentrations of trace gas i (= ma,i) will enter the dynamic plant 

chamber, (b) the enclosed leaves are only exposed to corresponding ms,i, (c) purging rate 

Q and leaf area Aleaf are known and constant and (d) sample concentrations of the other 

trace gases (ms,ji), photolysis rate j(NO2) as well as wall-sorptions of trace gas i are 

negligible. After evaluation of the linear relationship between ma,i and ms,i, correspond-

ing exchange flux densities F*ex,i, deposition velocities v*dep,i and compensation point 

concentrations m*comp,i are given by 
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Confining to NO2, a schematic representation (using simulated data) of how the 

quantities defined by Eqs. (15.1.1), (15.2.1) and (15.3.1) are determined from genuine 

measurements of ma,NO2 and ms,NO2 is given in Figure 6a. Since the “1:1”-line is equiva-

lent to ma,NO2 = ms,NO2 (i.e. Fex,NO2 = 0, see Eq. (8.4)), the intersect of the linear regres-

sion line and the “1:1”-line is the NO2 compensation point concentration, mcomp,NO2. 

Here, the dilemma of the experimental proof of a (highly) significant mcomp,NO2 becomes 

obvious. The lower mcomp,NO2 will be, the more the intersect shifts down the “1:1”-line, 

closer and closer to the limit of detection of the NO2 concentration measurements 

(LOD(ma,NO2), LOD(ms,NO2); 3-definition). This dilemma becomes even more obvious, 

if we consider the schematic representation of Eq. (8.4) in Figure 6b, where 

LOD(Fex,NO2) has been calculated from corresponding sm_s,NO2 and sm_a,NO2 by Gaussian 

error propagation. Here, mcomp,NO2 (Fex,NO2 = 0) is the intersect of the ms,NO2-axis with the 

best-fit line of Fex,NO2 vs. ms,NO2 (which is mathematically not correct, see above). For 

high NO2 compensation point concentrations (as in Figure 6), mcomp,NO2 can still be 

evaluated by interpolation from significant data pairs (i.e. data pairs, where 

> LOD(mNO2),  +LOD(Fex,NO2) or  LOD(Fex,NO2), respectively). If mcomp,NO2 falls 

below LOD(ms,NO2) and F0 is consequently below +LOD(Fex,NO2), mcomp,NO2 could only 

be determined by extrapolation from significant data pairs. 
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Figure 6: Schematic representation of the determination of bi-directional NO2 exchange flux 
density (Fex,NO2), NO2 deposition velocity (vdep,NO2) and NO2 compensation point concentration 
(mcomp,NO2) from measurements of NO2 concentrations at the plant chamber’s inlet (ma,NO2) and 
outlet (ms,NO2) under laboratory conditions (ma,NO = ma,O3 = j(NO2)  0). (a) by linear regression of 
ms,NO2 with ma,NO2. (b) by plotting Fex,NO2 vs. ms,NO2. Dashed lines represent the limits of detection 
(3-definition) for NO2 concentration measurements ((a) and (b) panel) and the determination of 
the NO2 exchange flux density ((b) panel), which are both defined by the sensitivity of the 
applied NO2 analyzer (note: LOD(ma,NO2) = LOD(ms,NO2)). Data points and error bars of NO2 
concentrations have been simulated to match R2(ma,NO2, ms,NO2) = 0.9925, error bars of NO2 
exchange flux have been calculated by Gaussian error propagation (c.f. Eq. (8.4)). Filled circles 
identify data points > LODs, hollow circles those  LODs. 
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According to Eqs. (15.1.1), (15.2.1) and (15.3.1), the errors of Fex,NO2, vdepNO2 and 

mcomp,NO2 are entirely due to the errors of n1 and m1, which are in turn entirely due to the 

goodness of the linear relationship between ma,NO2 and ms,NO2 as well as to the errors of 

ma,NO2 and ms,NO2 (sm_a,NO2 and sm_s,NO2 see Sect. 3.1.7). This leads to the simple conclu-

sion, that the determination of Fex,NO2, vdepNO2 and mcomp,NO2 is as more precise, as higher 

the regression coefficient R2(ms,NO2, ma,NO2) and as lower the standard errors sm_s,NO2 and 

sm_a,NO2 are.  

Only one NO2 analyzer is used for the measurements of both concentrations, ma,NO2 

and ms,NO2. As shown below (Sect. 2.3), the standard error sm_a,NO2 (sm_s,NO2) was found 

to be a weak exponential function of ma,NO2 (ms,NO2), starting with a fixed value 

sm,LOD(NO2) at ma,NO2 = ms,NO2 = 0. To demonstrate, how the goodness (R2(ms,NO2, ma,NO2)) 

of the linear relationship between ma,NO2 and ms,NO2 and how the magnitude of sm_a,NO2 

and sm_s,NO2 impact the NO2 exchange measurements, we consider (a) the determination 

of the minimum possible, but still highly significant NO2 compensation point concen-

tration (mcomp,NO2) and (b) the precision of the NO2 exchange flux density (Fex,NO2).  

For that we simulated data sets of ma,NO2 and ms,NO2 within the range 

LOD(ms,NO2)  ms,NO2  615 nmol m-3 (15 ppb) for prescribed NO2 deposition velocities 

(0.1  vdep,NO2
  0.8 mm s-1, per leaf area) and for pre-scribed R2(ms,NO2, ma,NO2) between 

0.999 and 0.6. The latter was achieved by random number application to the ma,NO2 data. 

Standard errors sm_s,NO2 and sm_a,NO2 were calculated from ma,NO2 and ms,NO2 (see 

Eq. (16.1), Sect. 2.3), while the standard error of Fex,NO2 (sF_ex,NO2) was calculated from 

sm_s,NO2, sm_a,NO2 and r(ms,NO2, ma,NO2) = [R2(ms,NO2, ma,NO2)]
1/2 by application of the gen-

eral form of Gaussian error propagation (see Sect. 3.1.7). 

Application of bi-variate linear regression analysis to this simulated data set delivers 

the quantities n1 and m1 as well their standard errors sn,1 and sm,1 (which depend on 

sm_s,NO2, sm_a,NO2 and R2(ms,NO2, ma,NO2)). Application of the general form of Gaussian 

error propagation (see Sect. 3.1.7) to Eq. (15.3.1) delivers the standard error of the NO2 

compensation point concentration (sm_comp,NO2). The “detectable existence” of mcomp,NO2 

(i.e. testing the hypothesis mcomp,NO2  0) has been statistically secured by application of 

the t-test to the values of mcomp,NO2, sm_comp,NO2 and N (number of (ms,NO2, ma,NO2) data 

pairs). In Figure 7, the minimum detectable NO2 compensation point concentration, i.e. 

the lowest, but still highly significant mcomp,NO2 (P  0.999) is shown for a pre-scribed 
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range of NO2 deposition velocities as function of the regression coefficient 

R2(ms,NO2, ma,NO2) and for three different values of LOD(ms,NO2), namely 0.4, 4.5 and 

44.6 nmol m-3 (0.01, 0.1, 1.0 ppb). These three values represent a certain “history” of 

NO/NO2 chemiluminescence analyzers: LOD(ms,NO2) = 44.6 nmol m-3 (1 ppb) repre-

sents the state-of-art of commercial NO2 analyzers of 1985-1995, 

LOD(ms,NO2) = 4.5 nmol m-3 (0.1 ppb) the best performance between 1995-2005’s, 

while LOD(ms,NO2) = 0.4 nmol m-3 (0.01 ppb) is characteristic for the most advanced 

NO/NO2 analyzers which have been recently applied over the remote Southern Atlantic 

Ocean (HOSAYNALI BEYGI et al. 2011). For typical ranges of laboratory measurements, 

i.e. 0.9  R2  0.99, minimum detectable NO2 compensation point concentrations range 

between 17.5 -  nmol m-3 (0.39 - 2.23 ppb), if NO2 analyzers with 

LOD(ms,NO2) = 44.6 nmol m-3 (1.0 ppb) have been used. Best performance of present-

day NO2 analyzers allow minimum detectable mcomp,NO2 between 3.6 and 21.3 nmol m-3 

(0.08 - 0.48 ppb). Very low minimum detectable mcomp,NO2 (0.8 - 4.0 nmol m-3 or 

0.02 - 0.09 ppb) may be reached if the most advanced state of NO2 analyzers is consid-

ered. It should be noted that, due to the potential goodness of the measurements, the 

minimum detectable mcomp,NO2 could be lower than the actual LOD(ms,NO2), but statisti-

cally still highly significant. 

The impact of sm_s,NO2, sm_a,NO2 and R2(ms,NO2, ma,NO2) on the precision of the NO2 

exchange flux density (= sF_ex,NO2)/Fex,NO2) is demonstrated in Figure 8. For the sake of 

clarity, another data set has been simulated (random number application), namely for 

pre-scribed NO2 deposition velocities (0.3  vdep,NO2
  0.6 mm s-1, per leaf area), a 

pre-scribed NO2 compensation point concentration (mcomp,NO2 = 67 nmol m-3 (1.5 ppb)) 

and for 0.99  R2  0.9. Also shown in Figure 8 is the precision of ms,NO2 

(= sm_s,NO2/ms,NO2; right axis) for the “history” of LOD(ms,NO2) values, namely 

LOD(ms,NO2) = 44.6, 4.5 and 0.4 nmol m-3 (1.0, 0.1, 0.01 ppb). Before 1995 

(LOD(mNO2) = 1 ppb), a precision of ms,NO2 better than 10 % could hardly be achieved in 

the lower ppb-range. Best performing present-day NO2 chemiluminescence analyzers 

(LOD(mNO2) = 0.1 ppb) exceed the 10 % level of ms,NO2 precision not before ms,NO2 falls 

below 14.8 nmol m-3 (0.33 ppb), while another step of magnitude can be reached with 

most advanced NO2 analyzers (sm_s,NO2/ms,NO2 > 10 % not before ms,NO2 < 1.5 nmol m-3 

(0.03 ppb)). The “history” of NO2 analyzers is also mirrored in the precision of Fex,NO2 

(reddish, bluish and greenish areas in Figure 8). In any case, the precision of 
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Fex,NO2 (= sF_ex,NO2)/Fex,NO2) reaches infinity at ms,NO2 = mcomp,NO2, since there the NO2 

exchange flux density equals zero. Otherwise, the precision of Fex,NO2 rapidly falls 

(very) well below the 10 % level. This is a consequence of the fact, that ma,NO2 and 

ms,NO2 are the decisive quantities for the determination of Fex,NO2. Since ma,NO2 and 

ms,NO2 are highly correlated, the standard error of Fex,NO2 is proportional to 

[s2
m_a,NO2 + s2

m_s,NO2]
1/2 – 2 sm_a,NO2 sm_s,NO2 [R

2(ms,NO2, ma,NO2)]
1/2, rather than propor-

tional to [s2
m_a,NO + s2

m_s,NO2]
1/2 alone (see Sect. 3.1.7). In other words, the error of 

Fex,NO2 benefits from the compensation of the errors of ma,NO2 and ms,NO2.  
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Figure 7: The dynamic plant chamber at well defined (laboratory) conditions: minimum detect-
able NO2 compensation point concentrations (mcomp,NO2 at P  0.999, i.e. “highly significant”) as 
function of NO2 deposition velocity (vdep,NO2; per leaf area) and the goodness (R2) of the ambient 
vs. sample NO2 concentration measurements (standard errors of NO2 concentration measure-
ments considered). Results are from data simulation (random number application) 
matching pre-scribed R2(ma,NO2, ms,NO2) and prescribed vdep,NO2

 (0.999  R2  0.6 and 
vdep,NO2 = 0.1, 0.2,…, 0.8 mm s-1). The greenish range represents simulated data of 
a NO2 analyzer with LOD(mNO2) = 0.4 nmol m-3 (0.01 ppb), the bluish range for 
LOD(mNO2) = 4.5 nmol m-3(0.1 ppb), the reddish range for LOD(mNO2) = 44.6 nmol m-3 (1.0 ppb). 
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Finally, it should be emphasized, that the estimates of this sub-section are made on 

the basis of Eqs. (15.1.1), (15.2.1) and (15.3.1) for (best) defined laboratory conditions. 

Under field conditions, however, the equations for the determination of Fex,NO2, vdepNO2 

and mcomp,NO2 will contain also average quantities of ms,NO, ms,O3, j(NO2) and k (see Eqs. 

(12.1), (13.1), (14.1)). It is obvious, that their variability (standard errors) will enlarge 

standard errors of n1 and m1 and diminish R2(ms,NO2, ma,NO2). Consequently, corre-

sponding minimum detectable NO2 compensation point concentrations will certainly be 

higher and precisions of Fex,NO2 will be lower than those given in Figure 7 and Figure 8. 
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Figure 8: The dynamic plant chamber at well defined (laboratory) conditions: precision of NO2 
concentration measurements (= sm,s_NO2 /ms,NO2; right axis) and precision of derived NO2 ex-
change flux densities (= sFex_NO2 /Fex,NO2, left axis) as function of the NO2 concentration meas-
ured at the outlet of the dynamic chamber (precision ms,NO2, right axis). Results are from data 
simulation (random number application), which considers standard errors of NO2 concentration 
measurements, and which matches pre-scribed R2(ma,NO2,ms,NO2) and pre-scribed mcomp,NO2 = 
67 nmol m-3 (1.5 ppb). Dark purple, purple and pink lines (= precision of ms,NO2) represent data 
for a NO2 analyzer characterized by LOD(ms,NO2) = 44.6 nmol m-3 (1.0 ppb), LOD(ms,NO2) = 4.5 
nmol m-3 (0.1 ppb) and LOD(ms,NO2) = 0.4 nmol m-3 (0.01 ppb), respectively. Ranges of the 
precision of derived NO2 exchange flux densities are identified by reddish, bluish and greenish 
areas for LOD(ms,NO2) = 44.6 nmol m-3 (1.0 ppb), LOD(ms,NO2) = 4.5 nmol m-3 (0.1 ppb) and 
LOD(ms,NO2) = 0.4 nmol m-3 (0.01 ppb). The width of the colored areas stands for all considered 
combinations of R2 and vdep,NO2

 (0.99  R2  0.9 and 0.3  vdep,NO2
  0.6 mm s-1). The respective 

upper boundary of each colored area represents the combination vdep,NO2
 = 0.3 mm s-1 and 

R2 = 0.9, while the lower boundary represents vdep,NO2
 = 0.6 mm s-1 and R2 = 0.99. 
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2.1.4 Constraints of design 

Aside the strong demand for precise and highly sensitive measurements of NO2 con-

centration, there are more requirements to the dynamic leaf chamber system and the 

measurements of the surface exchange fluxes of NO2 (NO, O3): 

(1) The environment in the chamber should as closely as possible represent the sur-

rounding (ambient) environment. 

(2) Enclosing the plant (part of plants) by the chamber should not affect the plant it-

self, neither through mechanical stress nor due to changed environmental condi-

tions. Changes in concentrations of relevant trace gases should be small in order to 

prevent affecting plant metabolism and stomata regulation. 

(3) Primary plant-physiological processes, such as CO2 surface exchange fluxes 

(assimilation) and H2O surface exchange fluxes (transpiration) should be closely 

followed, measured and finally related to the NO2 (NO, O3) surface exchange. 

(4) Losses of NO2 (NO, O3) on chamber materials must be negligible (if not: must be 

quantified). 

(5) The chamber system should be applicable for laboratory and field measurements 

without substantial modifications. 

(6) Simultaneous measurements of surface exchange fluxes of NO2, O3, NO, CO2 and 

H2O should be feasible.  

(7) Differences of NO2 (NO, O3) concentrations between inlet and outlet of the dy-

namic chamber, which are expected to be (very) small, must be resolved with sta-

tistical significance. 

Furthermore, fumigation experiments to study the NO2 surface exchange in the labo-

ratory (NO2 exchange under controlled conditions) demand the generation of very low 

(ppb- and sub-ppb levels) and temporally stable NO2 concentrations in order to identify 

statistically significant NO2 compensation point concentrations. These low NO2 con-

centrations have to be reproducible and verifiable. 
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2.2 Trace gas analyzers 

NO and NO2 concentrations were measured by a gas-phase chemiluminescence NO 

analyzer (Model 42C, Thermo Electron Corporation, USA). In a low pressure reaction 

chamber, the NO of the air sample reacts with ozone (provided by the analyzer) forming 

electronically excited NO2 molecules. Decaying to the ground state, the excited NO2 

molecule emits a photon (chemiluminescence) and the total light intensity in the reac-

tion chamber, detected by a photomultiplier, is proportional to the NO concentration. 

NO2 in the air sample is also measured by the NO analyzer after conversion of NO2 to 

NO. In most commercial NO/NO2 analyzers a molybdenum converter is applied (heated 

to 300 - 400 °C), where NO2 is catalytically reduced to NO at the converter’s surface. 

However, previous studies demonstrated that molybdenum converters are non-specific 

for NO2 because other oxidized nitrogen compounds of ambient air, like gaseous nitrous 

acid (HONO), nitric acid (HNO3), the nitrate radical (NO3), dinitrogen pentoxide 

(N2O5), peroxyacetyl nitrate (PAN) and other organic nitrates were found to be also 

converted to NO, which leads to systematic and considerable overestimation of the 

measured NO2 values (WINER et al. 1974; MATTHEWS et al. 1977; GROSJEAN and 

HARRISON 1985; GEHRIG and BAUMANN 1993; STEINBACHER et al. 2007). During some 

studies hydrated, crystalline ferrous sulfate (FeSO4) for the surface reduction of NO2 to 

NO were used. However, FeSO4 converter also overestimates the mixing ratio of NO 

and NO2 (RIDLEY et al. 1988). Significant interferences of n-propyl nitrate, nitrous acid 

(HNO2) and PAN were reported (KELLY et al. 1980; COX et al. 1983; FEHSENFELD et al. 

1987). As a consequence FEHSENFELD et al. (1987) did not recommend FeSO4 converter 

for measuring NO2. Another frequently used analyzer to measure NO2 is the Luminox 

detector (LMA-3, Scintrex/Unisearch Inc.). Its measurement principle is based on the 

chemiluminescent reaction of NO2 with luminol in aqueous solution (MAEDA et al. 

1980; WENDEL et al. 1983; SCHIFF et al. 1986). The luminol technique is noted for 

interferences by ambient O3 and PAN, and exhibits non-linear response at low NO2 

concentrations. The interferences due to O3 and PAN are significant especially at low 

NO2 concentrations (KELLY et al. 1990). Table 4 shows an overview about commonly 

used NO2 converters and their reported interferences. No interferences or any artifacts 

were reported for photolytic converters, where NO2 is photolyzed by ultraviolet light 

< 420 nm (FEHSENFELD et al. 1990) or were negligible, respectively (RYERSON et al. 

2000). Consequently, we used a highly NO2 specific blue light converter which 
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photodissociates NO2 into NO at a wavelength of approximately 395 nm (manufactured 

by Droplet Measurement Technologies Inc., Colorado, USA). To obtain a better 

accuracy and precision of the NO2 (and NO) measurements at sub-ppb concentrations, 

the NO/NO2 analyzer has always been operated with pure oxygen (instead with the 

oxygen of ambient air) for the internal generation of ozone, necessary for the reaction 

with NO in the low pressure reaction chamber. 

 

 

Table 4: Interferences of chemiluminescent NO-NO2-NOx analyzers used different NO2 
converters. 

NO2 converter 
conversion 
principle 

compound 
Response 
% of concn 

author 

luminol NO2 reacts with 
luminol solution 

PAN 

O3 
 

25 % 

0.0033 ppb NO2 
(per ppb O3) 

Drummond et al., 1989 

Kelly et al., 1990 
 

molybdenum 
(Mo) 

heated ~ 400 °C 
surface oxidation  

PAN 
ethyl nitrate 
ethyl nitrite 
HNO3 

HNO3 
PAN 
methyl nitrate 
n-propyl nitrate 
n-butyl nitrate 

hydrocarbons 

92 % 
103 % 
92 % 
not quantified 

≥ 98 % 
≥ 98 % 
≥ 98 % 
≥ 98 % 
≥ 98 % 

negative interferences 

Winer et al., 1974 
 
 
 

Grosjean & Harrison, 1985
 
 
 
 

Kurtenbach et al., 2001 

ferrous sulfate 
(FeSO4) 

surface oxidation PAN 

HONO 

n-propyl nitrate 
PAN 

20 % 

100 % 

32 % 
35 - 45 % 

Kelly et al., 1980 

Cox et al., 1983 

Fehsenfeld et al., 1987 
 

photolytic  ultraviolet light 
(320 - 500 nm) 

none  Fehsenfeld et al., 1990 

photolytic ultraviolet light 
(> 350 nm) 

HONO 
BrONO2 

NO3 
N2O5 
HO2NO2 

37 % 
5 % 
10 % 
3 % 
12 % 

Ryerson et al., 2000 
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Measurements of CO2 and H2O concentrations were performed by infrared dual 

channel gas analyzer for difference measurements between the outlet of an empty refer-

ence chamber and the sample gas (LI-7000, LiCor, Lincoln, NE, USA). An additional 

gas analyzer (LI-6262, LiCor, Lincoln, NE, USA) monitored the absolute CO2 and H2O 

concentrations to deliver a base signal for the LI-7000 operating in differential mode. 

O3 concentration was detected using an UV-absorption analyzer (Model 49C, Thermo 

Electron Corporation, USA). All measured parameters are listed in Table 5. 

 

 

Table 5: Measured parameters and instrument specifications. Limit of detection (LOD(mi), 
3σ-definition) for the gas concentrations were determined under field and laboratory conditions. 

parameter symbol unit LOD(mi) instrument (model) 

   lab field  

nitric oxide NO ppb 0.23 ppb 0.10 ppb ThermoElectron, 42C 

nitrogen dioxide NO2 ppb 1.01 ppb 0.31 ppb ThermoElectron, 42C 

ozone O3 ppb 0.8 ppb 0.98 ppb ThermoElectron, 49C 

carbon dioxide CO2 ppm 1.2 ppm 1.5 ppm LiCor, LI-6262 / LI-7000 

water vapor H2O ppth 0.3 ppth 0.2 ppth LiCor, LI-6262 / LI-7000 

air temperature T °C   thermocouple 

relative humidity rH %   Rotronic, MP100A 

photosynthetic 
active radiation 

PAR µmol m-2 s-1

  
LiCor, LI-190SA 

photolysis rate  j(NO2) s-1
  filter radiometer 

air pressure P hPa   Ammonit 
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2.3 Calibrations, limits of detection, standard errors and 

precision of trace gas concentration measurements 

For the calibration of the NO/NO2 analyzer (field conditions), a NO standard 

(5.09 ±0.1 ppm, Air Liquide, Germany) was applied. The standard was diluted by syn-

thetic air, which has been additionally cleaned with activated charcoal and Purafil® 

(Purafil, Inc., USA) to remove any potential NO and NO2 contaminations. For the dilu-

tion of the NO standard a gas phase titration unit was applied (GPT, 146C Dynamic Gas 

Calibrator, Thermo Electron Corporation, USA). In the GPT, NO2 calibration gas is 

produced by titration (see Reaction (R1)) of the diluted NO standard with O3 (generated 

by a UV lamp in the GPT). The BLC’s efficiency was determined by the ratio of meas-

ured NO2 and the known value of NO2 obtained by titration of NO. The O3 analyzer was 

calibrated by the GPT-generated O3, where the exact O3 concentration is known from 

the gas phase titration of the NO standard. For the calibration of the CO2/H2O analyzers 

three gaseous CO2 standards were used (355.4 ppm, 401.1 ppm, 453.8 ppm, Air Liquid, 

Germany); the H2O signal has been calibrated by a dew point generator (LI-610, LiCor, 

Lincoln, NE, USA). To maintain high quality concentration measurements even under 

long-term field conditions, it was necessary to control and to service the system fre-

quently. In the field, calibrations were performed once a week to ensure stability of the 

analyzers (quantifying potential drifts), while in the laboratory calibrations were per-

formed just before the start of the experiment.  

The determination of the limit of detection (LOD) is particularly important for the 

exchange measurements of NO and NO2, as (very) low concentrations have been en-

countered under both, laboratory and field conditions. According to MACDOUGALL and 

CRUMMETT (1980) the “limit of detection” is the lowest concentration level that can be 

determined to be statistically different from a measurement of “zero” concentration. 

Here we define LOD(mNO2), LOD(mNO) and LOD(mO3) as three times that standard 

deviation (sm_NO2,0, sm_NO,0, sm_O3,0), which has been obtained through a statistically sig-

nificant number (laboratory: 360, field: 160 - 360) of zero-air measurements. In Table 5 

the LOD(mi) of the instruments are summarized. The conversion efficiency of the BLC 

for NO2 was around 25 % during laboratory measurements and 32 - 36.5 % under field 

conditions. 
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Besides the determination and rigorous control of the LOD’s, the quantification of 

the analyzers’ reproducibility (precision) is as more necessary, as exchange fluxes of the 

NO-NO2-O3 triad are evaluated from very small differences of concentrations measured 

at the inlet and the outlet of the dynamic plant chamber. We define the precision of the 

analyzers as the ratio of the standard errors sm,i and the corresponding concentrations mi 

(i = NO, NO2, O3). The standard errors of NO and NO2 measurements have been found 

to be a (weak) function of the NO and NO2 concentrations themselves:  

 

sm,NO2 = sm_NO2,0  exp(bNO2  mNO2) (16.1) 

sm,NO = sm_NO,0  exp(bNO  mNO) (16.2) 

 

where sm_NO2,0 and sm_NO,0 are the standard errors at mNO2 = 0 and mNO = 0, bNO2 and bNO 

(in nmol-1 m3) have been derived from calibration exercises. 

 

 

2.4 Dynamic chamber system 

2.4.1 Design and construction 

The open (flow through), dynamic chamber system was a further development of the 

systems operated in previous studies (SCHÄFER et al. 1992; KESSELMEIER et al. 1996; 

KUHN et al. 2002). The system was designed for measurements of trace gas exchange in 

the field with minimal effects on the gases. The system has been demonstrated to be 

easily handled under field conditions. The design of the chambers is illustrated in Figure 

9 and details of the used materials and parts are listed in Table 6. The chambers had an 

inner diameter of 40 cm. The height of the chambers could be varied by extending the 

frame and could be adjusted to the plant specimen. Our initial height was 45 cm and we 

used extensions of 15 cm at field measurements. The chamber frame and the lid were 

made of PVC and acrylic glass. 
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Table 6: Manufacturer details for parts of the dynamic chamber system. 

 part manufacturer specifications 

(1) + (2) chamber frame and lid MPI workshop, Germany PVC, acrylic glass 

(3) inner chamber wall Saint Gobain, Germany FEP (fluorinated ethylene propylene) film, 
thickness 0.05 mm, chemically inert, 
transparent for visible and UV light 
 

(4) clamps Holex, Germany parallel clamp, typ 25 

(5) silicon straps Dichtungstechnik Bensheim GmbH, Germany transparent MVQ-silicone cord, diameter 5 mm 

(6) inlet fan Micronel, Switzerland axial fan, model D344T012GK-2 

(7) air mass flow sensor Honeywell International Inc., USA model AWM 700 

(8) propeller APC Propellers, USA Sport Prop, 10x7, 
Teflon® coating by MPI workshop 
 

(9) mixing fan Micronel, Switzerland ultra slim fan, model F62MM012GK-9,  
Teflon® coating by MPI workshop 
 

(10) tubing diverse 1/4” PFA tubing 

(11) in-line filter case Entegris Inc., USA Galtek® Integral Ferrule in-line filters 

 particulate membrane 
filter 

Pall Corporation, USA ZefluorTM membrane disc filters, model P5PJ047,  
pore size 2 µm, diameter 47 mm 
 

 solenoid valves Entegris Inc., USA Galtek® diaphragm valves, 3-way, 1/4”orifice 

 sample pump Vakuubrand, Germany diaphragm pump, model MZ4C, chemical resistant 

 heating tape EHT Haustechnik AEG, Germany typ HT SLH 15/L300, self limiting, 
max. holding temperature 60°C, heat output 15 W/m

 

The inner walls consisted of a thin transparent Teflon film (FEP). Previous investi-

gations of the spectral transmissivity of the FEP film have shown that photosyntheti-

cally active radiation (PAR) nearly completely transmits this film: in the spectral range 

of PAR (400 - 700 nm) transmissivity is about 95 %. In the range of λ ≤ 400 nm, the 

transmissivity of the FEP film is about 90 % (SCHÄFER et al. 1992; PAPE et al. 2009). A 

consequence of the horizontal installation of the chamber during field measurement is 

that transmissivities of the acrylic glass parts of the chamber play only a very minor 

role. Furthermore, the Teflon film was reported to show no interferences with trace 

gases tested such as organic acids (SCHÄFER et al. 1992; KESSELMEIER et al. 1997), 

monoterpenes and isoprene (KESSELMEIER et al. 1996, 1997; KUHN et al. 2000) and 

reduced sulfur compounds (KESSELMEIER et al. 1993).  

The FEP film was fixed with elastic silicone straps around the outer side of the 

frame. The inner side of the lid was covered by the Teflon film as well. The lid was 
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fixed to the chamber with four clamps. Several holes in the lid allowed the installation 

of tubes, mixing fans and the intake system of purging air. The purging air flow through 

the chamber was established in the field by a blowing axial inlet fan which was con-

trolled by an air mass flow sensor installed outside the chamber frame. At laboratory we 

used pressurized air for flushing the chamber. For a continuous turbulent mixing of the 

air inside the chamber a Teflon propeller driven by a magnetically coupled motor at-

tached outside as well as two Teflon coated mixing fans were used. This design ensured 

that the air pumped through the chamber only came into contact with parts made of 

Teflon (PFA or PTFE). For the measurements several chambers were combined (Figure 

10). As in former studies on the NO2 exchange with different plants, an extra empty 

(“reference”) chamber was also applied. The empty chamber was used to detect basic 

contamination in the system, adsorption/desorption, as well as to investigate gas-phase 

chemical reactions within the chamber volume and at the wall surface. A central V25 

microprocessor unit (PASCAL based code) controlled the power supply for the mass 

flow sensors, purging and mixing fans, and signal recording by a PC card. Each cham-

ber could be controlled independently. Furthermore, the V25 operated a number of en-

vironmental sensors for air and needle temperature, photosynthetically active radiation 

(PAR) and relative humidity, and recorded their signals. 
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Figure 9: Photograph and schematic drawing of a dynamic chamber consisting of: (1) PVC 
(grey parts) frame, (2) acrylic glass (blue parts)n lid, (3) FEP film (red parts in the scheme), (4) 
clamp to attach lid to frame, (5) silicon straps, (6) inlet fan, (7) air mass flow sensor, (8) Teflon 
propeller, (9) mixing fan, (10) sample tube for chamber air, (11) filter, (12) closure, (13) plant 
material. 
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Figure 10: Schematic set-up of the system with three dynamic chambers. Open lines are PFA 
sampling tubes, black lines are cables for data acquisition and control. 
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2.4.2 Implementation of concentration and flux density measurements 

Exchange flux densities of the NO-NO2-O3 triad as well as of CO2 and H2O are de-

termined from the difference of molar concentrations measured at the inlet and outlet of 

the dynamic chambers. Ideally, a total of 10 analyzers per dynamic chamber would 

guarantee simultaneous concentration measurements at all these positions. However, 

full simultaneity is usually prohibited not only for cost arguments; operation of two 

trace gas analyzers with an agreement (in their absolute accuracy) much less of the 

expected difference between inlet and outlet concentration is currently not feasible. 

Therefore, only one set of analyzers was used operating in a mode of continuous 

switching between the inlet and outlet position(s) of the (different) dynamic chamber(s). 

For gas piping the tubes from the different positions at the chambers were combined to 

one insulated and heated (above ambient temperature) bundle to prevent water vapor 

condensation. To ensure similar conditions for all lines, all tubes were set to the same 

length (in this field study 37 m). The sampling air flow was maintained by Teflon 

membrane pumps with an air flow of 8 - 10 L min-1. To avoid contamination of tubes 

and analyzers a PTFE particulate filter (pore size 2 µm) was installed in front of the 

intake line. Switching between the different intake lines was maintained by several 

3-way PFA solenoid valves. The necessary quantity of valves depends on the number of 

dynamic chambers in operation. The sample line connected the valve block to the 

analyzers. Even when an individual intake line was not switched to the analyzers, the air 

flow through it was kept constant. A second V25 unit was used to control the solenoid 

valves and the cycle times and recorded the data of the trace gas analyzers. Measure-

ment cycle times and switching (during field experiments) is shown in Figure 18a. The 

shown cycling time of 4 minutes is a result of optimization between fast switching and 

the analyzers’ and system’s capabilities: the most important issues in this respect are the 

analyzers’ (moving) averaging times of 30 s and the temporal response of the analyzers 

to switching concentrations. 

Air temperature and needle surface temperatures inside the chambers were continu-

ously recorded by Teflon covered thermocouples (0.005”, ChromegaTM-Constantan, 

Omega, UK). PAR was detected outside the chamber with a LiCor quantum sensor 

(model LI-190SA, LiCor, Lincoln, NE, USA). Relative humidity was measured with a 

combined temperature and relative humidity probe (Model MP100A, Rotronic, 

Switzerland). 
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2.5 Experiments 

The results of this study are based on datasets obtained during the second intensive 

observation period (IOP II) of the project EGER (ExchanGE processes in mountainous 

Regions) and laboratory measurements. 

 

2.5.1 Plant material 

Measurements of NO-NO2-O3 trace gas exchange fluxes were done at Norway 

spruce (Picea abies L.) also commonly known as the European spruce. Spruce is a co-

niferous evergreen tree of the genus Picea in the family Pinaceae. The Norway spruce 

grows throughout Europe from Norway in the northwest to Poland eastward, and also in 

the mountains of central Europe, southwest to the western end of the Alps, and south-

east in the Carpathians and Balkans to the extreme north of Greece. It prefers a damp 

and cool climate, therefore it is a mountains tree in the south part of the distribution 

area. The primary habitat requirement is the water supply and a sufficient ventilation of 

the soil. 

The Norway spruce is one of the most economically important coniferous species in 

Europe. The distribution of forest species in Germany is displayed in Figure 11. Spruce 

is the widespread species with 28.2 % of the total population followed by pine and 

beech. 58.1 % of the German forests consist of conifer due to economical reasons. 

spruce
28.2 %

beech
14.8 %

oak 9.6 %

pine
23.3 %

other
24.1 %

 

Figure 11: Distribution of forest species in Germany (National Forest Inventory, second survey 
2001 - 2002). 
(http://www.bundeswaldinventur.de/enid/a79fe9863d10b628447a8f74a2f2ee12,0/a9.html) 
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Laboratory experiments were performed with 3- to 4-yr old Norway spruce trees 

(Picea abies L.) grown in pots in a commercial soil mixture. All specimens originated 

from the EGER field site and were dug out half a year before the measurements started. 

For the laboratory studies the above-ground parts of the whole tree were enclosed in the 

chamber. A typical young tree had a leaf area (Alaef) of 0.16 m2 in total (projected leaf 

area). For the field experiments branches of adult Norway spruces were investigated. 

The front part of an intact branch with older needles and new shoots, still attached to the 

tree, was enclosed to around 40 cm length in the chamber. Two plant chambers on 

different trees were used for the field studies. At the end of the studies the enclosed leaf 

area was measured to be 0.36 m2 (tree 1, projected leaf area) and 0.37 m2 (tree 2, 

projected leaf area) with a dry weight of 66 g (tree 1) and 78 g (tree 2). All exchange 

measurements started one day after enclosure in order to allow an acclimatization of the 

branch or plant. 

At the end of the experiments leaves of the enclosed branches were harvested for 

determination of leaf area and dry weight. Leaves were scanned by a calibrated scanner 

system (DeskSCAN II, Hewlett-Packard, USA; area determining software SIZE, 

Müller, Germany). Dry leaf weight was obtained after drying for 2 days at 70 °C in an 

oven (Heraeus, Germany). The needles of spruce have stomata on the entire needle 

surface, therefore the area of the whole surface was used. For needle surface area 

calculation the single surface area was multiplied by factor 2.74 according to RIEDERER 

et al. (1988). Leaf area during the field measurements varied with the leaf flushing, 

therefore we interpolated the leaf area retroactively. 

 

2.5.2 Field site description and set-up 

The field experiment was conducted within the project EGER. The project was fo-

cused on the role of process interactions among the different scales of soil, in-canopy 

and atmospheric exchange processes of mass, energy, and non-reactive as well as reac-

tive trace substances. It took place in summer 2008 (01 June - 15 July) in northeast 

Bavaria, Germany (Fichtelgebirge), a mountainous area, covered mainly with forest, 

agricultural area and including meadows and lakes. The research site "Weidenbrunnen" 

(50°08'31'' N, 11°52'01'' E; 774 m a.s.l.) was part of a spruce forest ecosystem, which 

resulted from intensive reforestation in the last century. The plant cover was dominated 
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by Norway spruce (Picea abies). The main understory types were moss, grass 

(Deschampsia flexuosa and Calamagrostis villosa), blueberries (Vaccinium myrtillus) 

and young spruce. The stand-age was 56 years (according to ALSHEIMER 1997) and the 

mean canopy height was 23 m (SERAFIMOVICH et al. 2008). The tree density of the stand 

was 1007/ha (ALSHEIMER 1997), with a leaf area index (LAI) of 5.2 (THOMAS and 

FOKEN 2007). The Fichtelgebirge is located in the transition zone from maritime to 

continental climates with maritime impact (FOKEN 2003). The annual average tem-

peratures are 5.0 °C (1971-2000; FOKEN 2003) with extreme values of -20 °C during 

wintertime and 30° C during summer. In the summer period, Atlantic air masses ac-

count for the temperate climate, whereas during winter continental influence due to 

easterly winds can result in short but extreme cold periods. The annual precipitation is 

1162 mm (1971-2000; FOKEN 2003). The main wind direction is a west or south west 

wind (GERSTBERGER et al. 2004). This field site is maintained for more than 10 years by 

the University of Bayreuth and a lot of studies have been conducted there. 

 

2.5.3 Laboratory set-up 

For laboratory experiments the plant chambers were installed inside a thermostatted 

cabinet (Heraeus, Germany), which was kept under controlled temperature and humid-

ity conditions (day: 25 °C, 60 %; night: 20 °C, 50 %) with a light/dark regime of 

12/12 hours. In addition to the cabinet irradiation (Osram Powerstar HQI-BT 400 W/D) 

we used a set of light emitting diodes with a spectral bandwidth of 400 - 700 nm. The 

total measured PAR in the middle of the chamber was about 450 µmol photons m-2 s-1. 

The plant chambers were continuously flushed with purified air, obtained by passing 

compressed air through a gas purification system consisting of several columns in 

series, filled with silica gel (2 - 5 mm, Merck, Germany), molecular sieve (0.3 nm perl-

form, Merck, Germany), charcoal (0.3 mm LS-Labor Service, Germany) and glass wool 

(Merk, Germany). The purified air was then led through a glass tank filled with demin-

eralized water to humidify the air. Different NO2 concentrations (between 0.3 and 

4 ppb) were generated by mixing NO2 from a pressurized standard cylinder 

(mstd,NO2 = 41151 ±2049 nmol m-3 (1.004 ±0.050 ppm) NO2 in N2; Air Liquide, 

Germany) into the purified air stream. Mixing was performed by adjustment of two 

mass flow controllers (MKS Instruments, USA), one to keep the flow of NO2 standard 
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gas (Qstd,NO2), the other the flow of the purified air stream (Qdil) constant. The blended 

NO2 concentration (mblend,NO2) and its standard error (sm_blend,NO2) are given by 

 
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where sm_blend,NO2 results of Gaussian error propagation applied to Eq. (17.1); con-

centrations (and standard errors) of mstd,NO2, mblend,NO2 and mdil,NO2 are in nmol m-3, flow 

rates (and standard errors) of in Qstd,NO2 and Qdil are in m3 s-1. For calculation of 

sm_blend,NO2 it is assumed, that mstd,NO2 is constant (during the time of the laboratory ex-

periment) and mdil is zero.  

The NO2 mixture was directed into the dynamic plant chambers (without using the 

blowing axial inlet fan as for our field studies). For the laboratory measurements one 

plant chamber and one empty chamber with a volume (V) of 57 L were used. Each 

chamber was flushed at a constant flow (Q) of 14 L min-1, controlled by mass flow con-

trollers (MKS Instruments, USA), resulting in an exchange of the entire chamber’s vol-

ume every 4 minutes. For two minutes each, air samples were directed to the analyzers 

from three different intake lines (purging NO2 mixture (upstream of the chambers), 

outlet of empty and plant chambers). All analyzers were placed inside a cabinet (GKPv 

6522, Liebherr, Germany) thermostatted at 25 °C to minimize variations of the analyz-

ers’ signals caused by temperature fluctuations. 
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Specification	and	
implementation	of	dynamic	

plant	chamber	system	

In this chapter a dynamic chamber system based on previous measurements of vola-

tile organic compounds, formaldehyde, formic and acetic acid and sulfur compounds 

(e.g. KESSELMEIER et al. 1993, 1996, 1998; KUHN et al. 2000) is presented. The 

dynamic chamber system allows exchange measurements of NO2 (O3 and NO) under 

field conditions (uncontrolled) as well as studies under controlled conditions including 

(laboratory) fumigation experiments.  

Because NO2 compensation point concentrations were reported at (sub-)ppb levels, 

our laboratory NO2 fumigation experiments were performed with 3- to 4-yr old Norway 

Spruce trees at 0.3 - 3.4 ppb. Also under field conditions, such low ambient NO2 con-

centrations can be expected. Moreover, exchange fluxes derived from dynamic chamber 

measurements are based on generally (very) small differences of NO2 (NO, O3) 

concentrations between inlet and outlet of the chamber. Consequently, detection limits 

of corresponding analyzers, statistical significance of the concentration differences, as 

well as the statistical goodness of measurements definitely have a substantial impact on 

the identification and quantification of statistically significant deposition velocities and 

compensation point concentrations, and have been considered correspondingly. Fur-

thermore, as the exchange of NO2 is a complex interaction of transport, chemistry and 

plant physiology, fluxes of NO, NO2, O3, CO2 and H2O were determined in the field 

experiments. 
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3.1 Methods 

Quality assurance and error analysis 

3.1.1 Corrections for concentration changes in long tubing 

Long intake lines (mostly necessary for field experiments) may impact the trace gas 

concentrations (BEIER and SCHNEEWIND 1991). Trace gases may ad- or absorb on the 

inner walls of the tubing and/or react with each other according reactions (R1) and (R2). 

Therefore, we used opaque tubing to completely prevent photolysis of NO2. Hence, re-

action (R1) (NO + O3) was the most important reaction to consider. For a known resi-

dence time, temperature and pressure in the tubes, the mixing ratios of NO, NO2 and O3 

can be corrected according to BEIER and SCHNEEWIND (1991). To proceed, the residence 

time of the individual trace gas in the tubing as well as the characteristic chemical 

reaction time ( i ; i = NO, O3) must be known. The latter is calculated by  NO = (k NO3)
-1 

and  O3 = (k NNO)-1, respectively (NO3 and NNO in molecules cm-3, 

kR1 = k = 1.410-12 exp(-1310/T) in cm3 molecules-1 s-1; see ATKINSON et al. 2004). 

 

3.1.2 Temporal response of analyzers 

Response tests were carried out to check the response of analyzers to changes of 

concentrations when switching between intake lines with low concentration of the 

respective trace gas (NO, NO2, O3) to another intake line with high trace gas concen-

tration (after stabilization) and back to the intake line of low concentration. 

 

3.1.3 Temperature dependence of analyzers 

The signals of analyzers are sensitive to the surrounding temperature. These effects 

are of special importance for field studies where it is more difficult to keep temperatures 

constant. Thus a series of tests were performed to determine the temperature depend-

ence of all trace gas analyzers. The tests were done inside the conditioning cabinet 

(Heraeus, Germany) under different temperature conditions (temperature range: 

18 - 46 °C). For each analyzer a calibration was carried out at each temperature level. 

We considered the correction of the analyzers’ signals necessary if the observed drift 
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with temperature exceeded the maximum signal noise measured with zero air. We did 

not perform a correction when the drift was below 1 % for the entire temperature range 

or the analyzer’s noise was greater than the temperature drift. 

 

3.1.4 Dynamic chamber: internal mixing, exchange rate of chamber 

volume, wall absorption and transmissivity  

The effective turbulent mixing as well as the fast exchange of the plant chamber’s 

volume is essential for the determination of exchange flux densities of reactive as well 

as non-reactive trace gases (see MEIXNER 1994; MEIXNER et al. 1997). Particularly, the 

derivation of accurate NO2 and O3 leaf conductances from NO2 and O3 deposition ve-

locities obtained by dynamic chamber measurements critically depends from the effec-

tiveness of internal mixing and the chamber volume’s exchange rate (see PAPE et al. 

2009). Fast internal mixing of the chamber’s volume has been assured by operation of 

three fans (see Figure 9) inside the chamber. A similar procedure was chosen by PAPE et 

al. (2009), who quantified complete mixing of the chamber volume in less than 2 s. The 

exchange rate of the chamber’s volume is primarily determined by the volume V and the 

purging rate Q. However, due to delay effects of the sampling lines and due to the lim-

ited response times of the analyzers after switching between the different intakes, it is 

not possible to directly observe the trace gas’ mixing in the plant chamber. Therefore, 

the time needed for temporal equilibrium of trace gas concentrations in an empty plant 

chamber was determined by measurements of a fast-response helium detector (Pico leak 

detector, MKS Instrument Inc., USA). A helium pulse was released into the purging 

stream of the chamber and the needed time for equilibration was determined. 

Sorption effects (ad-, ab-, desorption) to and from the inner wall materials of the dy-

namic chamber should not modify the concentrations of (reactive) trace gases. Using the 

laboratory set-up, we investigated potential sorption effects to the inner walls of an 

empty chamber by fumigating it consecutively with different NO, NO2 and O3 concen-

trations. There were no desorption effects observed. Wall absorption was quantified in 

form of “blank” deposition velocities, where vdep_wall,i = Q (ma,i  ms,i) / (Awall ms,i) 

(i = NO2, NO, O3). 
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In the field, the transmissivity of the FEP film (the dynamic chamber’s wall) for 

PAR and the NO2 photolysis rate j(NO2) has been monitored by continuous and simul-

taneous measurements of corresponding radiation fluxes inside and outside the cham-

ber. PAR was measured with a LiCor quantum sensor (model LI-190SA, LiCor, 

Lincoln, NE, USA) and j(NO2) was determined as an omni-directional actinic UV ra-

diation flux using a j(NO2)-sensor (filter radiometer, Meteorologie Consult GmbH, 

Königstein, Germany). 

 

3.1.5 Significance of concentration differences 

Particularly in the laboratory, the exchange flux density is directly proportional to 

Δmi = (ma,i  ms,i), the difference of trace gas concentrations at the inlet and the outlet of 

the dynamic chamber (see Eq. (8.4)). Even under field conditions, the major component 

of the exchange flux density Fex,i is Q/Aleaf Δmi. Keeping in mind, that (a) the sign of 

Δmi determines direction of the exchange flux density and (b) the errors of ma,i and ms,i 

are decisively controlling the error of Δmi (and consequently that of Fex,i), it is more 

than obvious to control the significance of Δmi. The corresponding statistical test re-

quires the number of individual measurements, the averages and standard errors of ms,i 

and ma,i. These were provided and calculated from the individual concentration meas-

urements during one measurement cycle (laboratory: 30 min, field: 4 min). Prior to this, 

we identified outliers in the data sets by application of the Nalimov-test, a variant of 

Grubbs’ test. Then, the significance of differentiation between the two averages of ms,i 

and ma,i was statistically secured by application of the t-test. Δm with statistical signifi-

cance below 99 % (α < 0.99) were correspondingly flagged and not included in subse-

quent calculations. 

 

3.1.6 Bi-variate weighted linear least-squares fitting regression analysis 

Since the concentrations ma,i and ms,i are measured with identical analyzers (see 

above), corresponding standard errors sms,i and sma,i are of the same order of magnitude. 

Therefore, bi-variate weighted linear least-squares fitting (which considers uncertainties 

of both, ms,i and ma,i) is preferred to any standard forms of linear regression analysis 

(which consider, at best, uncertainties in the y-values, but no uncertainties in the 
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x-values). The preferred algorithm delivers corresponding values of intersect (ni) and 

slope (mi) and other statistical quantities, like the standard errors of ni and mi (sn,i, sm,i), 

as well as correlation and regression coefficients, r(ms,i, ma,i) and R2(ms,i, ma,i). YORK et 

al. (2004) presented the original set of equations for bi-variate weighted linear least-

squares fitting regression analysis, where the slope mi has to be solved iteratively (see 

below). For the iterative calculation a Microsoft Excel spreadsheet was used, which 

has been provided by CANTRELL (2008) as a supplement of his paper 

(http://www.atmos-chem-phys.net/8/5477/2008/acp-8-5477-2008-supplement.zip). 

Field data of concentrations in particular, have usually not all the same uncertainty. 

All kinds of linear least square fitting methods (considering errors in y and x) account 

for the fact, that data with the least uncertainty should have the greatest influence on the 

intercept n and the slope m of the fitted line. This is achieved by weighting each of the 

data points (ma,i, ms,i) with a factor i, which is usually set to the inverse of the square 

of standard errors (standard deviations) of x and y-values (here: sma,i
-2 and sms,i

-2). 

YORK et al. (2004) have provided a very detailed description of the bi-variate 

weighted linear least-squares fitting method. Here, only those equations are presented 

which are necessary to calculate the intersect n and the slope m of the best straight line 

(and related standard errors, sn and sm). For the sake of comparability with YORK et al. 

(2004), ma,i := Xi and ms,i := Yi, sma,i
-2 := Xi and sms,i

-2 = Yi were set The method of 

YORK et al. (2004) to calculate the intercept n (sn) and the slope m (sm) comprises the 

following set of four equations: 
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where, 
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The original set of equations presented by YORK et al. (2004) contain additional 

terms in the equations for Wi and i for consideration of potential correlations between 

sX,i and sY,i, which are set to zero here (i.e. sma,i and sms,i are assumed to be uncorrelated). 

Since the equation for the slope m (Eq. 18.2) contains the variables Wi and i, which are 

in turn functions of m (see Eq. (18.5)), Eq. (18.2) has to be solved iteratively. 

 

3.1.7 Standard errors of exchange flux densities, deposition velocities 

and compensation point concentrations 

Standard errors of exchange flux densities Fex,i, deposition velocities vdep,i and com-

pensation point concentrations mcomp,i of the NO-NO2-O3 triad may be derived by ap-

plying standard Gaussian error propagation. For that the standard errors of all variables 

on the right hand side of Eqs. (8.1) - (8.3), (13.1) - (13.3) and (14.1) - (14.3) must be 

known, and all variables of each individual equation should be independent of each 

other. However, the latter is not the case for (at least) ms,i and ma,i (see 

Eqs. (8.1) - (8.3)). Therefore, application of the generalized form of the Gaussian error 

propagation is preferred, which considers the mutual dependence of each pair variables 

(TAYLOR 1982; PHILLIPS et al. 2002). The general formulation of the standard error sy of 

a quantity y = f(x1, x2, x3, …, xn) reads as follows: 
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 (19) 

where r (xi; xj) are the correlation coefficients between each pairs of all xi and xj. 
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The individual variables xi for the quantities y = FexNO2, FexNO, FexO3, vdep,NO2, vdep,NO, 

vdep,O3, mcomp,NO2, mcomp,NO and mcomp,O3 are defined by Eqs. (8.1) - (8.3), (13.1) - (13.3) 

and (14.1) - (14.3).  

During field experiments, all ma,i and ms,i of the NO-NO2-O3 triad have been meas-

ured in cycles of 4 minutes. During this time period, it has been shown, that the error of 

the purging rate Q is negligible. The volume V of the chambers is a priori known, its 

error is considered to be zero. Standard errors of ma,i and ms,i are known for each data 

pair of measurements. Averages and standard errors of Aleaf, j(NO2), k and conjugated 

concentrations ms,j (j  i) have to be calculated individually from each data set which is 

used for the determination of Fex,i, vdep,i and mcomp,i.  

Therefore, according to Eq. (8.1), the mass exchange flux density FexNO2 is a func-

tion of 7 error-prone variables, namely x1 = ma,NO2, x2 = ms,NO2, x3 = j(NO2), x4 = k, 

x5 = ms,NO, x6 = ms,O3 and x7 = Aleaf. Analogously to Fex,NO2, the 7 variables for Fex,NO 

(Fex,O3) in Eq. (8.2) (Eq. 8.3) are x1 = ma,NO (ma,O3), x2 = ms,NO (ms,O3), x3 = j(NO2), x4 = k, 

x5 = ms,NO2, x6 = ms,O3 (ms,NO) and x7 = Aleaf. Considering Eq. (13.1), the deposition ve-

locity vdep,NO2 is a function of 3 error-prone variables, x1 = m1, x2 = j(NO2) and x3 = Aleaf, 

while the deposition velocity vdep,NO (vdep,O3) depends on 4 error-prone variables, namely 

x1 = m2 (m3), x2 = k, x3 = ms,O3 (ms,NO) and x4 = Aleaf. The compensation point concen-

trations mcomp,NO2 (mcomp,NO, mcomp,O3) are each functions of 6 error-prone variables (see 

Eqs. (14.1) - (14.3)). These are x1 = n1 (n2, n3), x2 = m1 (m2, m3), x3 = j(NO2), x4 = k, 

x5 = ms,NO (ms,NO2, ms,NO2) and x6 = ms,O3 (ms,O3, ms,NO). Bi-variate weighted linear least-

squares fitting regression analysis of measured ms,i versus ma,i (which considers both, 

sma,i and sms,i) delivers the quantities n1, n2, n3 and m1, m2, m3 as well as their standard 

errors sn1, sn2, sn3 and sm1, sm2, sm3. To calculate the standard errors sFex,NO2, sFex,NO, 

sFex,O3, sv,dep_NO2, sv,dep_NO, sv,dep_O3, sm,comp_NO2, sm,comp_NO and sm,comp_O3 by application of 

the general Gaussian error propagation (Eq. (19)), one have to calculate all the deriva-

tives of yi = Fex,i, yi = vdep,i and yi = mcomp,i, (i = NO2, NO, O3) with respect to the corre-

sponding variables x1, x2, …, xn mentioned above. The derivatives of y/xi are given in 

Table 7, Table 8 and Table 9. 
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Table 7: Derivatives y/xi of y = Fex,NO2, Fex,NO, Fex,O3 with respect to the variables xi in 
Eqs. (8.1)  (8.3) for application of the generalized Gaussian error propagation to calculate the 
standard errors of sFex,NO2, sFex,NO and sFex,O3 according to Eq. (19). 
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Table 8: Derivatives y/xi of y = vdep,NO2, vdep,NO, vdep,O3 with respect to the variables xi in 
Eqs. (13.1)  (13.3) for application of the generalized Gaussian error propagation to calculate 
the standard errors of sv,dep_NO2, sv,dep_NO and sv,dep_O3 according to Eq. (19). 
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Table 9: Derivatives y/xi of y = mcomp,NO2, mcomp,NO and mcomp,O3 with respect to the variables xi in Eqs. (14.1)  (14.3) for application of the generalized 
Gaussian error propagation to calculate the standard errors of sm,comp_NO2, sm,comp_NO and sm,comp_O3 according to Eq. (19). 
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3.1.8 Significance of the compensation point concentrations 

The bi-variate weighted linear least-squares regression analysis of ma,i and ms,i de-

livers the intercept ni, the slope mi and their standard errors sn,i and sm.i. According to 

Eqs. (14.1) - (14.3), each of the compensation point concentrations mcomp,i of the 

NO-NO2-O3 triad can be considered as a random variable, represented by the average of 

mcomp,i and the standard error sm,comp,i. The decision whether or not a compensation point 

concentration exists is equivalent to the test of the hypothesis whether or not the aver-

age of mcomp,i is highly significantly ( = 0.999), significantly ( = 0.99) or likely 

( = 0.95) different from m*comp,i = 0. 

For that, it is assumed that each of the test quantities Ti  
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matches the t-distribution with N1 degrees of freedom. Depending on , the hy-

pothesis mcomp,i = m*comp,i must be rejected, if 
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where t;N-1 are the values of the t-distribution (N1) for  = 0.999, 0.99, 0.95, 

respectively.  
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3.2 Results 

3.2.1 Analyzers and system performance 

The results for the test of temperature dependence of all analyzers (see Sect. 3.1.3) 

are listed in Table 10. Between 18 and 46 °C the efficiency of the BLC drifted at from 

37.0 % to 47.4 % over the whole temperature range. This means that for an initial 

concentration of 10 ppb NO2 a drift of 2.2 ppb over the whole temperature range would 

be observed, which is equivalent to 3.6 nmol m-3/K (0.08 ppb/K). For NO the signal 

drift was 2.8 nmol m-3/K (0.07 ppb/K). The data of the CO2 and O3 analyzers did not 

need to be corrected because the signal drift was below 1 % for the entire temperature 

range, in contrast to the NO and NO2 values. For the mathematical correction the slope 

of the regression line of the temperature tests (trace gas concentration versus tempera-

ture) was used.  

 

Table 10: Results of the temperature dependence tests of the used analyzers. The tempera-
tures are internal temperatures of the analyzers. The drift specifies the signal change during the 
whole temperature range. The signal noise is the maximum noise (3σ) detected with zero air 
during the test. 

analyzer 
trace 
gas 

temperature 
range 

drift 
signal noise 

(3σ) 

LI-7000 CO2 22 – 44 °C + 0.97 ppm 0.25 ppm 

LI-6262 CO2 22 – 44 °C - 3.5 ppm 0.23 ppm 

TEI 49C O3 21 – 46 °C + 0.4 ppb 0.7 ppb 

TEI 42C NO 18 – 46 °C - 1.9 ppb 0.2 ppb 

TEI 42C/BLC NO2 18 – 46 °C - 10.4 % 0.5 ppb 

 

On the basis of the results of calibration procedures it was found, that the standard 

error of the O3 concentration measurements could be considered as constant 

(13.3 nmol m-3 or 0.32 ppb) for the observed range of O3 concentrations 

(719 - 2866 nmol m-3 or 19 - 77 ppb). The standard errors of NO2 and NO concentration 

measurements are described by Eqs. (16.1) and (16.2); the parameters sm_NO2,0 and 

sm_NO,0 are given in Table 5 (3-definition: LOD(mi) = 3 sm,i,0), bNO2 = 3.4210-4 

nmol-1 m3 (1.4010-2 ppb-1) and bNO = 7.8810-4 nmol-1 m3 (3.2310-2 ppb-1).  
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In Figure 12, the precision (sm,i/mi) of the concentration measurements is exempli-

fied for NO2 during laboratory (red curve) and field experiments (green curve). The 

precision of mNO2 was only approx. 35 % during laboratory experiments at 

LOD(mNO2) = 1.04 ppb (46.4 nmol m-3). After considerable improvement of the 

NO/NO2 analyzer precision at 1 ppb improved to nearly 10 % in the field (however, 

precision was still 35 % at LOD(mNO2) = 0.31 ppb (13.8 nmol m-3)). For further com-

parison, we consider that concentration mi, where corresponding precision curves fall 

short of the 10 %-precision lines. These concentrations were 161.9 nmol m-3 (3.63 ppb; 

laboratory conditions), 45.9 nmol m-3 (1.03 ppb; field conditions), and they would be 

14.7 nmol m-3 (0.33 ppb) and 1.3 nmol m-3 (0.03 ppb), if analyzers could be applied 

with LOD(mNO2) = 0.1 and 0.01 ppb, respectively. For the NO and O3 analyzers applied 

under field conditions, corresponding NO and O3 concentrations (< 10 % precision) 

were 15.2 nmol m-3 (0.34 ppb; LOD(mNO) = 0.10 ppb) and 144.5 nmol m-3 (3.24 ppb; 

LOD(mO3) = 0.98 ppb), respectively. 

ms,NO2 ,  ppb
0.5 2.0 3.00.0 4.01.0 1.5 2.5 3.5 4.5

0

5

10

15

20

25

30

35

0 25 50 75 100 125 150 175 200
mNO2  [nmoles m-3]

 p
re

ci
si

on
   

m
N

O
2 

   
[%

]

2.0

1.5

1.0

0.5
0.1

0.01

1.75

1.25

mNO2 ,  nmol m-3

,  
%

 

Figure 12: Precision (sm,NO2/mNO2) of the applied NO/NO2 analyzer during laboratory (red curve) 
and field experiments (green curve). For comparison, curves for precisions of hypothetical ana-
lyzers with 0.01  LOD(mNO2)  2 ppb are also shown (numbers on black and grey curves). The 
blue curve is the precision of the blended NO2 concentration used for fumigation of the young 
spruce trees in the laboratory. 
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The performance of the dynamic chamber system depends critically on the temporal 

delay of concentrations (measured by only one set of analyzers) which are caused by 

switching between different intake lines of considerable length and by chemical reac-

tions inside corresponding tubing (see Sect. 3.1.1). The tubing residence time for the 

36.5 m long tubes of the field experiment was ≤ 4.1 s under ambient temperature and 

pressure conditions, calculated from sample flow (1.42 - 1.67 m3 s-1 or 8.5 - 10 L min-1), 

the length of the tubes and the tubes’ inner diameter (0.00435 m). Since a considerable 

high flow through the intake filters and the long, thin tubes caused a distinct pressure 

drop (approx. 490 hPa), the actual residence time was consequently shorter (1.9 s). The 

characteristic chemical time scale (chem; e-fold time) for the NO + O3 reaction (see 

(R1)) was within 20 < chem < 120 s during the entire field experiment. Since chem was 

always much longer than the tubing’s residence time, any effects of the NO + O3 reac-

tion on measured concentrations could be neglected (as well as for the NO2 + h 

reaction (R2), since opaque tubes have been used). However, the flow rate between the 

valve block (see Figure 10) and the analyzers is about 1/10 of the tubing purge flow; 

therefore, the “response time” of the entire system for a sudden change of concentra-

tions was tested. Results are shown in Figure 13 for NO2 (step change from 41 to 

861 nmol m-3). Immediately after switching some typical pressure effects (valves) could 

be observed, but a temporally stable concentration was reached after 90 s. For the return 

switch a quite similar effect were observed and “response times” of NO, O3, CO2 and 

H2O were comparable (data not shown). Based on these tests, the first 90 s of each con-

centration measurement were skipped from further data processing. 
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Figure 13: Response test for step changes between two different NO2 concentrations (mNO2). 
The red dashed line marks the switching point. 
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3.2.2 NO2 blending for fumigation experiment 

For laboratory NO2 fumigation experiments very low (ppb- and sub-ppb levels) and 

temporally stable NO2 concentrations have to be made available. That is essentially 

necessary to significantly identify any NO2 compensation point whose concentrations 

are expected at these low concentration levels. Blended NO2 concentrations (mblend,NO2) 

of 13.4, 26.8, 44.6, 80.3 and 151.7 nmol m-3 (0.3, 0.6, 1.0, 1.8, 3.4 ppb) were provided 

by diluting an NO2 standard into purified air (see Sect. 2.5.3). A typical course of these 

concentrations are shown in Figure 14, where the vertical dashed lines indicate times 

where blending was changed to obtain the next NO2 concentration. A stable course of 

the new NO2 concentration level was reached after max. 60 min. Fluctuation of the 

blended NO2 concentration was between 8.0 and 16.1 nmol m-3 (0.18 - 0.36 ppb). These 

fluctuations do not depend on the analyzers’ temperature (see Sect. 3.2.1). During labo-

ratory measurements, the temperature variation of the instrument was only ±0.5 °C, 

which would be equivalent to a change of mblend,NO2 = 44.6 nmol m-3 (1 ppb) of less than 

1 %. The measured fluctuations could be also due to the precision of mblend,NO2 which 

depends on the precision of the applied mass flow controllers. According to the manu-

facturer, the precision of the mass flow controllers s ±0.8 % of full scale. Using this 

information, the precision of mblend,NO2 has been calculated through Eqs. (17.1) and 

(17.2) and is also shown in Figure 12. Uncertainty of the mass flow controllers may 

have added < 20 % to the observed variation of measured the blended NO2 concentra-

tion. 

 

3.2.3 Characterization of the dynamic plant chamber 

3.2.3.1  Radiation and NO2 photolysis rate 

Transmissivity of PAR through the chamber walls (FEP film) is one of the funda-

mental requirements that the plant will be not affected by the chamber itself. Moreover, 

the calculation of the exchange flux density Fex,i (see Eqs. (8.1) - (8.3)) has to consider 

the NO2 + h reaction. For this, the photolysis rate j(NO2) inside the chamber volume 

has to be known. Therefore the transmissivity was controlled by simultaneous meas-

urements inside and outside the chamber. While PAR was 10 % lower inside the 

chamber than outside, j(NO2) was 30 % lower inside the chamber (Figure 15). 
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Therefore, 70 % of ambient j(NO2) was used for the calculations of Fex,i, vdep,i, mcomp,i 

and their standard errors.  
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Figure 14: Temporal course of blended NO2 concentrations (12.3, 24.6, 41.0, 73.8 and 
139.4 nmol m-3 (0.3, 0.6, 1.0, 1.8, 3.4 ppb)) used for fumigation of young spruce trees during the 
laboratory experiments. NO2 concentrations were provided by diluting a NO2 standard into puri-
fied air. Red dashed lines indicate times where blending was changed to obtain the next NO2 
concentration. 
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Figure 15: Simultaneous measurements of radiation in and outside a chamber. (a) Photo-
synthetically active radiation PAR (slope = 0.94, R2 = 0.98, n = 456), (b) photolysis rate jNO2 
(slope = 0.66, R2 = 0.99, n = 1440). The black line indicates the 1:1 line and the red line repre-
sents the linear fit on the data points. 
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3.2.3.2  Sorption effects and chamber volume exchange time 

An empty dynamic chamber has been exposed to various concentrations of NO2, NO 

and O3 concentrations and “blank flux densities” have determined according to 

Eq. (8.4). “Blank flux densities” for NO, NO2 and O3 are listed in Table 11. They were 

always negative (i.e. no desorption from the chamber’s inner surfaces) and revealed 

very low values. Expressed in corresponding “wall deposition velocities” 

2.1210-3 (NO), 2.9210-3 (NO2) and 1.9410-3 mm s-1 (O3) were found. These 

values were two orders of magnitude lower than vdep,i observed under laboratory as well 

as under field conditions. Comparing incoming and outgoing concentrations of the 

NO-NO2-O3 triad, a maximum of 2 % of the trace gases might have been absorbed by 

the inner surfaces of the plant chamber. Therefore, with regard to the mass balance of 

the dynamic plant chamber, neglecting of any mass fluxes to the walls of the chamber 

(Mwall,i/t see Sect. 2.1.1) is certainly justified.  

 

Table 11: Parameters of sorption effects to the inner chamber walls determined by laboratory 
experiments. q10 and q90 denote the 10 % and 90 % quantiles of the entire blank flux density 
Fwall,i data, concentration ranges represent applied fumigation concentrations during the experi-
ment, Δcmean denotes the mean concentration difference of incoming and outgoing chamber air 
in % (range of differences in %). 

  Fwall,i ,  pmol m-2 s-1        concentrations 

gas mean (±σ) q10…q90 
  vdep_wall,i , m s-1   range,  ppb Δcmean 

NO -4.47 (±3.52) -7.95…-1.13   -2.12x10-6   10 - 62 0.8 % (0.3 - 1.6) 

NO2 -4.43 (±3.11) -9.11…-1.51   -2.92x10-6   6 - 47 1.8 % (0.4 - 3.4) 

O3 -4.88 (±2.47) -7.05…-2.05   -1.94x10-6   7 - 45 1.6 % (0.5 - 3.7) 

 

The chamber volume exchange time was determined from an experiment, where a 

short pulse of (chemically inert) helium (He) has been added to the purging flow of the 

dynamic chamber (see Sect. 3.1.4). Results are shown in Figure 16. For the time of 

complete exchange (i.e., a constant level of He is observed), we used the time interval to 

reach 98 % of the final He concentration (t98). Due to the limited temporal resolution of 

the He detector (5 s), t98 might have been between 80 and 85 s. This result was nearly 

identical to the time calculated from chamber volume (V = 79 L) and purging rate 

(Q = 60 L min-1), which equals 79 s. 
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Figure 16: Results of the response time test with helium. The chamber (V = 0.079 m3) was 
operated with purging air flow rate Q = 60 L min-1. The red lines represent start and end of the 
helium addition, the black dashed line marks the end of equilibration. For the approximation of a 
complete exchange we used the time interval for 98 % approximation (t98). 

 

 

3.2.4 Demonstration of exchange flux density measurements 

3.2.4.1  NO2 exchange flux density: Laboratory results 

Here, we confine ourselves to the results of “daytime” experiments, i.e. fumigation 

of the 3- to 4-yr old Norway Spruce trees with 13 < ma,NO2 < 152 nmol m-3 

(0.3 - 3.4 ppb), controlled temperature (25 °C), relative humidity (60 %) and PAR 

(450 µmol photons m-2 s-1, for 12 h) conditions. During experiment no significant dif-

ference of mO3 or mNO between reference and plant chamber could be detected, also the 

amount of j(NO2) inside the chamber was negligible with respect to any measurable 

effects due to reaction (R2). As shown in Sect. 3.2.1, the performance of the NO2 

analyzer was definitely sub-optimal (LOD(mNO2) = 1.04 ppb; 3-definition). Therefore, 



RESULTS DYNAMIC PLANT CHAMBER SYSTEM  | 63 

we based our evaluations of Fex,NO2, vdep,NO2 and mcomp,NO2 on a 2 NO2 detection limit 

(28.5 nmol m-3 or 0.6 ppb) for the observed concentrations (ma,NO2, ms,NO2). A total of 51 

pairs of ma,NO2 and ms,NO2 have been obtained during the fumigation experiments. 17 

data pairs passed the LOD(mNO2) criterion, where another three of them had to be re-

jected due to the significance criterion for mNO2 = (ma,NO2  ms,NO2). Fourteen data pairs 

of ma,NO2 and ms,NO2 have been subjected to a bi-variate weighted regression analysis 

(see Sect. 3.1.6), which resulted in R2 = 0.9706, n1 = 1.7 2.63 nmol m-3, 

m1 = 0.71 0.035, vdep,NO2 = 0.22 0.013 mm s-1 and mcomp,NO2 = 5.9 9.13 nmol m-3. 

The significance probability of mcomp,NO2  0 is 96.87 % (“likely”). NO2 exchange flux 

densities (Fex,NO2) and their standard errors have been calculated according to Eq. (11) 

and are shown in Figure 17. Figure 17a displays results of Fex,NO2 where the 

2-LOD(mNO2)-definition, Figure 17b where the 1-LOD(mNO2)-definition has been 

applied. Furthermore, in both panels Fex,NO2 data were separated for the significance of 

mNO2 (significant: blue circles, non-significant: reddish diamonds); the 

(Fex,NO2 ; ms,NO2)-regression lines have been calculated according to Eq. (8.1.1) for all 

Fex,NO2 data (pink line) and for those Fex,NO2 data, where mNO2 is significant (blue line). 

Corresponding NO2 compensation point concentrations mcomp,NO2 were calculated 

according Eq.(8.3.1) and are represented by red filled circles (significant mNO2) and 

pink hollow circles (all data). Details of statistical evaluation are listed in Table 12. The 

most striking result is, that (regardless of which linear least-square fitting algorithm and 

which LOD(mNO2)-definition is applied) the values of mcomp,NO2 are always highly 

significant, if all Fex,NO2 data were used. Applying the simple linear least-square fitting 

algorithm (without considering sm_a,NO2 nor sm_s,NO2) mcomp,NO2 remains highly significant, 

even if only those Fex,NO2 data are considered where mNO2 is significant. However, 

applying linear least-square fitting algorithms which consider either sm_s,NO2 or sm_a,NO2 

and sm_s,NO2, the existence of mcomp,NO2 becomes “unlikely” (“likely”). With the 

exception of applying the 2 NO2 detection limit to all Fex,NO2 data, the impact of 

different statistical treatments on the evaluation of NO2 deposition velocities is small 

(0.19  vdep,NO2  0.22 mm s-1). 
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Figure 17: Laboratory NO2 fumigation of 3 - 4yr old Norway Spruce trees (Picea abies L.) under 
controlled conditions (25 °C, 60 %, 450 µmol photons m-2 s-1): NO2 exchange flux density 
(Fex,NO2) vs. NO2 concentration measured at the outlet of the dynamic plant chamber (ms,NO2) for 
application of 2-LOD(ms,NO2)-definition ((a) panel) and 1-LOD(ms,NO2)-definition ((b) panel). 
Fex,NO2 data were calculated according Eq. (8.4), their standard errors according to Eq. (19). 
Blue circles identify Fex,NO2 where ms,NO2 > LOD(ms,NO2), white circles stand for Fex,NO2 where 
ms,NO2  LOD(ms,NO2) and reddish diamonds for those Fex,NO2 data, which have to be rejected for 
non-significance of mNO2 = (ma,NO2  ms,NO2). Blue line (considering blue circle data) and pink 
line (considering blue circle and reddish diamond data) are calculated according to Eq. (15.1.1). 
NO2 compensation point concentration mcomp,NO2 is calculated according to Eq. (15.3.1) and is 
represented by red filled circles (considering blue circle data) and pink hollow circles 
(considering blue circle and reddish diamond data). More details of statistical evaluation are 
listed in Table 12. 



 

 

 

 

Table 12: Parameters for NO2 laboratory measurements of simple (no errors considered), simple (standard error of ms,NO2 considered) and bi-variate 
weighted (standard error of ms,NO2 and ma,NO2 considered) linear least-squares fitting regression analysis. Data were separated for all data of ΔmNO2 
(ma,NO  ms,NO2) and the significance of ΔmNO2. 2σ, 1σ and no NO2 detection limit was applied to the data. 

        all (ma,NO  ms,NO2) data    only significant (ma,NO  ms,NO2) data 
        linear least-squares fitting algorithm    linear least-squares fitting algorithm 

 
LOD(mNO2) 
definition 

 
statistical 
quantity 

 
 

unit 

 
simple, 
no errors 

considered 

simple, 
only sm_s,NO2 
considered 

bi-variate & 
weighted, 

sm,a,NO2 & sm,s,NO2 
considered 

 
simple, 
no errors 

considered 

simple, 
only sm_s,NO2 
considered 

bi-variate & 
weighted, 

sm,a,NO2 & sm,s,NO2 
considered 

N [1]   17 17 17   14 14 14 
R2(ma,NO2,ms,NO2) [1]   0.9692 0.9716 0.9610   0.9794 0.9778 0.9706 

mcomp,NO2 nmol m-3   16.5  1.81 14.2  12.15 17.3  7.29   6.8  2.22 2.2  16.76 5.9  9.13 

mcomp,NO2  0? %   99.99   (HS) 99.99   (HS) 99.99   (HS)   99.99   (HS) 37.1   (UL) 96.6   (L) 

LOD(mNO2) 
2  m_NO2,0 

definition 

vdep,NO2 mm s-1   0.27  0.007 0.24  0.016 0.26  0.014   0.21  0.006 0.20  0.015 0.22  0.013 
                   

N [1]   45 45 45   33 33 33 

R2(ma,NO2,ms,NO2) [1]   0.9695 0.9754 0.9605   0.9847 0.9851 0.9782 

mcomp,NO2 nmol m-3   6.8  0.52 7.3  5.95 8.1  3.46  1.8  0.63 0.7  7.82 0.6  3.67 

mcomp,NO2  0? %   99.99   (HS) 99.99   (HS) 99.99   (HS)   99.99   (HS) 39.5   (UL) 61.8   (UL) 

LOD(mNO2) 
1  m_NO2,0 

definition 

vdep,NO2 mm s-1   0.21  0.004 0.22  0.012 0.22  0.010   0.19  0.003 0.20  0.012 0.20  0.009 
                   

N [1]   51 51 51   36 36 36 

R2(ma,NO2,ms,NO2) [1]   0.9682 0.9728 0.9575   0.9819 0.9815 0.9719 

mcomp,NO2 nmol m-3   7.1  0.44 6.8  4.72 7.6  3.07  1.6  0.60 0.4  6.22 0.5  3.67 

mcomp,NO2  0? %   99.99   (HS) 99.99   (HS) 99.99   (HS)   99.99   (HS) 27.6   (UL) 60.4   (UL) 

LOD(mNO2) 
not 

considered 

vdep,NO2 mm s-1   0.22  0.004 0.22  0.012 0.22  0.010   0.19  0.003 0.20  0.011 0.20  0.010 
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3.2.4.2  NO-NO2-O3 exchange flux densities: Field results 

In Figure 18, typical time series of trace gas mixing ratios are shown, measured at 

two different spruce branches during the EGER field campaign. The observed mixing 

ratio changes were due to switching between the different intakes. After switching, con-

centrations showed the delay effects mentioned above (see Sect. 3.2.1). Due to this, the 

first 90 s after valve switching were skipped from subsequent data processing (these 

first 90 s interval indicated as grey shaded vertical bars in Figure 18). Values for CO2 

and H2O were measured as the difference between empty chamber and each switched 

intake. The temporal variation of CO2 and H2O concentrations of the plant chambers 

versus ambient air or empty chamber represented the physiological activity of the 

plants, since the CO2 exchange flux density represents the photosynthetic CO2 assimi-

lation and the H2O flux density the transpiration of the enclosed plant parts.  

During the field experiment nearly 3000 pairs of ma,i and ms,i have been obtained. 

Applying the LOD(mi) (3σ-definition) and the significance criterion for 

mi = (ma,i  ms,i), around 60 % of the NO2 data pairs remained. In Table 13 the details 

of the data pairs selection for both trees are listed for NO, NO2 and O3. Classification 

according to measurements during day and night demonstrated, that during night less 

data pairs were distinguishable from each other, especially those of NO. Between the 

spruce branches in both sampling chambers no differences were noticeable. 

After classification of all individual concentration data into different classes of leaf 

conductance (approx. identical to different classes of radiation conditions), bi-variate 

weighted regression analysis between classified pairs of ma,i and ms,i was performed (see 

Sect. 3.1.6). The data pairs were additionally screened for singular concentration peaks 

of NO, NO2 and O3, which mainly occurred due to advection of automobile exhaust 

gases from a busy country road (2000 cars/h) in a distance of about 1-2 km from the 

site. The problem of advection at this field site is well known and has been documented 

through profile measurements of in- and above canopy concentrations, as well as 

through eddy covariance flux measurements of NO-NO2-O3 performed simultaneously 

to our dynamic chamber measurements (PLAKE et al. 2009). For the analysis of dynamic 

chamber derived O3 flux densities, we assumed mcomp,O3 = 0 (n3 = 0), since emissions of 

O3 from plants are not known so far.  
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For the present study, we restrict our results to one spruce branch (chamber 1) and 

one class with high PAR radiation (mean PAR = 355 µmol photons m-2 s-1). The 

analysis for NO2 resulted in R2(ma,NO2, ms,NO2) = 0.9480, n1 = 6.5 1.59 nmol m-3, 

m1 = 0.79 0.016, vdep,NO2 = 0.18 0.034 mm s-1 and mcomp,NO2 = -9.5 14.75 nmol m-3. 

The probability of mcomp,NO2  0 is 99.99 % (“highly significant”); however, a nega-

tive NO2 compensation point concentration is physically meaningless. For O3 the 

analysis resulted in R2(ma,O3, ms,O3) = 0.9847, m3 = 0.80 0.005 and 

vdep,O3 = 0.32 0.018 mm s-1. In Figure 19a (Figure 20a), results of bi-variate weighted 

regression analysis between ma,NO2 and ms,NO2 (ma,O3 and ms,O3) are shown, while in 

Figure 19b (Figure 20b) those of Fex,NO2 (Fex,O3) versus ms,NO2 (ms,O3). In Figure 19a and 

b, data can be individually identified for their significance of ∆mNO2 by corresponding 

color coding. For O3, there is no corresponding color coding, since all ∆mO3 were sig-

nificant (see Table 13). Linear relationships between Fex,NO2 and ms,NO2 were calculated 

by Eq. 12.1 for data pairs owing significant ∆mNO2 and for all data pairs. In Table 14 all 

results of statistical analysis of Fex,NO2 and Fex,O3 data are listed. Results of bi-variate 

weighted regression analysis for NO are shown in Figure 21. A large part of mNO was 

lower than LOD(mNO) (grey diamonds) or corresponding data pairs were non-significant 

with respect to mNO = (ma,NO  ms,NO) (reddish diamonds). The regression coefficient 

R2(ma,NO, ms,NO) was only 0.5355. Therefore, consecutive analyses are biased: 

probabilities of significant mcomp,NO and vdep,NO becomes unlikely (51.7 and 22.4 %, 

respectively). Hence, there were no further evaluations for Fex,NO, vdep,NO and mcomp,NO.  

 

Table 13: Percentage of data mi above LOD(mi) (3σ-definition) and significant differences 
Δmi = (ma,NO2  ms,NO2) of tree 1 and 2 for field measurements. 

 

tree 1 
mi > LOD + significant Δmi % of total 

(number of total) 

  tree 2 
mi > LOD + significant Δmi % of total 

(number of total) 

 all (2988) day (1885) night (1103)  all (2993) day (1887) night (1106) 

NO 24 33 7  24 33 8 

NO2 57 62 48  67 69 63 

O3 96 98 93  98 99 97 
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Figure 18: Switching scheme and time series of trace gas mixing ratios over two full measure-
ment cycles during EGER field experiment. Data were corrected for calibration factors, tem-
perature dependency and offset of analyzers. (a) Control scheme indicating periods of skipped 
data (first 90 s) for data processing (grey bars), sampling/analysis of ambient air (yellow bars), 
sampling/analysis of plant chamber 1 (green bars), sampling/analysis of reference chamber (red 
bars) and sampling/analysis of plant chamber 2 (blue bars). (b-c) Time series of CO2 and H2O 
mixing ratios measured as difference between reference chamber and respectively switched 
intake. (d-f) Time series of O3, NO2 and NO mixing ratios. (g) Photosynthetic active radiation 
(PAR). 
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Figure 19: Field measurements: (a) NO2 concentration measured at the outlet of the dynamic 
plant chamber (ms,NO2) vs. NO2 concentration measured at the inlet of the dynamic plant 
chamber (ma,NO2). Light blue circles identify data pairs for significance of 
mNO2 = (ma,NO2  ms,NO2) and reddish diamonds for those data pairs, which have to be rejected 
for non-significance of mNO2 = (ma,NO2  ms,NO2). Blue line (considering blue circle data) is 
calculated according to bi-variate weighted linear least-squares fitting regression analysis (see 
Sect. 3.1.6). (b) NO2 exchange flux density (Fex,NO2) vs. NO2 concentration measured at the 
outlet of the dynamic plant chamber (ms,NO2). Fex,NO2 data were calculated according Eq. (8.4), 
their standard errors according to Eq.(19). Reddish diamonds stand for those Fex,NO2 data, which 
have to be rejected for non-significance of mNO2 = (ma,NO2  ms,NO2). Blue line (considering blue 
circle data) and pink line (considering blue circle and reddish diamond data) are calculated ac-
cording to Eq. (15.1.1). 
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Figure 20: Field measurements: (a) O3 concentration measured at the outlet of the dynamic 
plant chamber (ms,O3) vs. O3 concentration measured at the inlet of the dynamic plant chamber 
(ma,O3). Orange circles identify data pairs for significance of mO3 = (ma,O3  ms,O3). Orange line 
is calculated according to bi-variate weighted linear least-squares fitting regression analysis 
(see Sect. 3.1.6). (b) O3 exchange flux density (Fex,O3) vs. O3 concentration measured at the 
outlet of the dynamic plant chamber (ms,O3). Fex,O3 data were calculated according Eq. (8.4), 
their standard errors according to Eq. (19). Dark red line is calculated according to Eq. (15.1.1). 
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Figure 21: Field measurements: NO concentration measured at the outlet of the dynamic plant 
chamber (ms,NO) vs. NO concentration measured at the inlet of the dynamic plant chamber 
(ma,NO). Light green circles identify data pairs for significance of mNO= = (ma,NO  ms,NO), reddish 
diamonds stand for those data pairs, which have to be rejected for non-significance of mO3 and 
grey diamonds for data pairs where mNO ≤ LOD(mNO). Green line (considering green circle data) 
is calculated according to bi-variate weighted linear least-squares fitting regression analysis 
(see Sect. 3.1.6). 

 

Table 14: Parameters of bi-variate weighted linear least-squares fitting regression analysis for 
field measurements. NO2 data were separated for all data of ΔmNO2 (ma,NO  ms,NO2) and the 
significance of ΔmNO2. Data of O3 were almost significant for ΔmO3 (ma,O3  ms,O3). 3σ detection 
limit was applied to the data. 

   

all 
(ma,NO2  ms,NO2) 

data 

only significant 
(ma,NO2  ms,NO2) 

data 

  only significant 
(ma,O3  ms,O3) 

data 
statistical 
quantity 

unit NO2 NO2 
  O3 

N [1] 154 123   155 

R2(ma,i;ms,i) [1] 0.9404 0.9480   0.9847 

mcomp,i nmol m-3 -18.2 ± 17.57 -9.5 ± 14.75   0* 

mcomp,i  0? % 99.99 (HS) 99.99 (HS)   - 

vdep,i mm s-1 0.14 ± 0.031 0.18 ± 0.034   0.32 ± 0.018 

 * assumption for O3: mcomp,O3 = 0. 
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3.3 Discussion 

3.3.1 Overview of previous NO2 exchange flux measurements using 

dynamic plant chambers 

 

Table 15 shows a list of past dynamic chamber studies that have focused on NO2 

exchange between different plant species and the atmosphere. Most of these measure-

ments were made with NO2 converters which were not specific for NO2 detection. Some 

authors used heated molybdenum converters (THOENE et al. 1991, 1996; TEKLEMARIAM 

and SPARKS 2006; RAIVONEN et al. 2009), heated ferrous sulphate converters (RONDÓN 

et al. 1993, RONDÓN and GRANAT 1994), or a detector based on chemiluminescence on 

liquid surfaces (HANSON et al. 1989; HEREID and MONSON 2001; SPARKS et al. 2001). 

All these converters overestimate NO2 concentrations because of interferences with 

other (oxidized) nitrogen compounds (see Sect. 2.2). Only the application of photolytic 

converter guarantees the interference-free determination of particularly (very) low NO2 

concentrations. 

During most of the field studies filtered air was used for purging the dynamic cham-

bers. In most cases, this air was free of O3 and NOx, and known NO2 concentrations 

were delivered to the dynamic chamber by diluting standard mixtures of NO2 from a 

cylinder (GEßLER et al. 2000, 2002; SPARKS et al. 2001; HEREID and MONSON 2001). 

Some studies additionally controlled the CO2 and water vapor concentrations of the 

purging air, the irradiance and temperature conditions inside the chamber (HEREID and 

MONSON 2001; SPARKS et al. 2001). Filtered and/or synthetic air (i.e. home-made H2O 

and CO2 concentrations, free of non target reactive trace gases) hardly represents am-

bient air. Therefore, a potential influence on the physiological behavior of the plant 

cannot entirely be excluded. 



 

 

Table 15: Overview of studies that have performed dynamic chamber NO2 flux measurements on different plant species. 

author plant species measured 
gases 

location wall 
material1 

purging air2 NO2 concentration 
in purging air, ppb 

chamber 
volume, L

NO2 
converter3 

analyzer LOD4,  ppb 
3σ-definition 

Hanson et al. 1989 deciduous, coniferous NO2 lab glass pure airw + CO2 + NO2 60 - 70 22.7 Luminol LMA-3, Luminox n.s. 

Thoene et al. 1991,1996 spruce NO2 lab glass zero airw + NO2 1.6 - 125 3 Mo Thermo Electron, 14B/E NO2: 1.0* 

Neubert et al. 1993 sunflower, tobacco NO, NO2, O3 lab PTFE zero airw + NO/NO2/O3 < 100 160 PLC Tecan, CLD 770 AL ppt NO: 0.02; NO2: 0.1* 

Rondón et al. 1993 pine, spruce NO, NO2, O3 field FEP ambient air, O3 free + NO2 
ambient air + NO2 

0.25 - 120 10 FeSO4 

Mo 
Teco, 14D 
Tecan, CLD 770 AL ppt 

NO: 0.3* 
NO: 0.06* 

Rondón & Granat 1994 pine, spruce NO, NO2, O3 lab FEP zero airw + CO2 + NO2+O3 0.2  - 25 12.6 FeSO4/PLC Tecan, CLD 770 AL ppt NO: 0.075; NO2: 0.3 

Weber & Rennenberg 1996a,b wheat NO, NO2 lab PMMA zero airw + NO2 0 - 90 18-124 PLC Tecan, CLD 770 AL ppt NO: 0.075** 

Geßler et al. 2000, 2002 beech, spruce NO2, NH3 field, lab BG zero airw + NO2/NH3 0.2 - 37 3 PLC Tecan, CLD 770 AL ppt NO2: < 0.1* 

Sparks et al. 2001 tropical trees NO2 field n.s. (L) pure airw + CO2 + NO2 0.1 - 13 n.s. Luminol LMA-3, Luminox NO2: 0.005* 

Hereid & Monson 2001 corn NO, NO2 field n.s. (L) pure airw + CO2 +NO/NO2 0.1- >10 n.s. Luminol LMA-3, Luminox NO2: 0.005* 

Gut et al. 2002 tropical trees NO, NO2, O3 lab FEP ambient air 5 - 18 75 PLC Eco-Physics, CLD 780 TR NO: 0.052* 

Teklemariam & Sparks 2006 corn, sunflower, wheat NO, NO2 lab n.s. (L) pure airw + CO2 +NO/NO2 1 - 5 n.s. Mo TEI 42 NO2: 0.5* 

Raivonen et al. 2009 Scots pine NO, NO2 field FEP, QG ambient air < 1 1 Mo TEI 42S n.s. 

Chaparro-Suarez 2008 deciduous, coniferous NO, NO2, O3 lab FEP zero airw + NO2 0 - 5 7.3 PLC Eco-Physics, CLD 780 TR NO: 0.06  

this study spruce NO, NO2, O3 field 
lab 

FEP ambient air 
zero airw + NO2 

0.4 - 21 
0.3 - 4 

75 
60 

BLC TEI 42C NO: 0.1; NO2:0.31 
NO: 0.2; NO2:1.0 

n.s. = not specified 
1 QG = quartz glass; BG = borosilicate glass; FEP, PFA, PTFE = Teflon materials; PMMA = polymethylmethacrylate (Plexiglas); L = dynamic leaf chamber of gas exchange 
system Model LI-6400, LiCor, Lincoln, Nebraska, USA 
2 w air humidified; pure air = air from a pure air generator; zero air = reactive trace gases removed with filters (NOx, NH3, H2S, SO2, O3) 
3 Mo = molybdenum converter; PLC = photolytic converter; FeSO4 = ferrous sulphate converter; BLC = blue light converter 
4 * LOD definition unknown; ** manufacturer’s data 
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For field measurements of the NO-NO2-O3 triad under ambient conditions, fast gas 

phase reactions inside the chambers have to be considered. Therefore, NO, NO2 and O3 

concentrations have to be measured simultaneously, even if only one of the trace gases 

is of interest (PAPE et al. 2009). All previous field studies described corrections of the 

calculated exchange flux densities not in detail. RONDÓN et al. (1993) specified some 

corrections for measured NO concentrations only, although O3 and UV radiation were 

present in their dynamic chamber. In those cases where measurements of exchange flux 

densities were performed applying a simultaneously operated empty chamber (as “ref-

erence” chamber), corresponding flux densities were calculated from the concentration 

differences mNO2 between the outlet of the plant and empty chambers, respectively. 

This allowed a certain correction for chamber specific wall absorption and/or desorption 

processes (GEßLER et al. 2000, 2002; RAIVONEN et al. 2009). However, this procedure 

may not rule out adverse effects of fast gas-phase reactions on the evaluated flux densi-

ties, deposition velocities and compensation point concentrations (see below).  

 

3.3.2 Precision, data quality and photochemical reactions 

3.3.2.1  Precision and data quality 

As shown in Sect. 3.2.1, the precision of NO2 concentration measurements of our 

NO2 analyzer improves from 35 % (at its limits of detection) rapidly to < 10 % at 

162 nmol m-3 (3.63 ppb; laboratory) and 46 nmol m-3 (1.03 ppb; field). In Sect. 2.1.2 we 

presented the expected precision of the NO2 exchange flux density for NO2 concentra-

tions up to 200 nmol m-3, for pre-scribed mcomp,NO2 = 67 nmol m-3 (1.5 ppb), pre-scribed 

NO2 deposition velocities (0.3 - 0.6 mm s-1) and typical R2(ma,NO2; ms,NO2) ranging from 

0.99 to 0.9 (see Figure 8). Since Fex,NO2 approaches zero at ms,NO2 = mcomp,NO2, the ex-

change flux density’s precision (Fex,NO2 / Fex,NO2) will become indefinite there. Conse-

quently, the uncertainty of Fex,NO2 will become as higher as closer ms,NO2 approaches 

mcomp,NO2 (from either side). Analogously to the results shown in Figure 8, we deter-

mined which NO2 concentration difference, ms,NO2  mcomp,NO2, will be necessary to 

keep the NO2 exchange flux density’s precision for our NO2 analyzer under 10 %. For 

laboratory conditions (LOD(mNO2) = 45 nmol m-3 or 1.01 ppb), this difference was 

13.8 nmol m-3 or 0.31 ppb (vdep,NO2 = 0.6 mm s-1; R2(ma,NO2 ; ms,NO2) = 0.99) and 
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91 nmol m-3 or 2.05 ppb (vdep,NO2 = 0.3 mm s-1; R2(ma,NO2 ; ms,NO2) = 0.9). During the 

EGER field experiment (LOD(mNO2) = 13.8 nmol m-3 or 0.31 ppb) corresponding values 

were 4.5 and 8.5 nmol m-3 (0.1 and 0.19 ppb), respectively. It is a serious conse-

quence of these calculations, that, for a given detection limit, there is a well defined 

limit of mcomp,NO2 where the NO2 compensation point concentration can be inferred from 

flux density data (Fex,NO2 / Fex,NO2  10%) by interpolation of data measured on both 

sides of mcomp,NO2. Below that limit, due to the obvious conflict of the requested 

ms,NO2  mcomp,NO2and LOD(mNO2), mcomp,NO2 can only be inferred from flux density 

data at ms,NO2 > mcomp,NO2 by extrapolation, owing the risk of (much) higher uncertain-

ties. These limits were for our NO2 analyzer 33.5 and 133.8 nmol m-3 (0.75 and 3.0 ppb; 

laboratory) and 13.4 and 44.6 nmol m-3 (0.3 and 1.0 ppb; field) for the above mentioned 

combinations of vdep,NO2 and R2(ma,NO2 ; ms,NO2).  

In previous studies the NO2 sensitivity (a proxy for precision) of corresponding NOx 

or NO2 analyzers has been specified through their detection limit only (see Table 15). 

NEUBERT et al. (1993) and GEßLER et al. (2000), who used analyzers equipped with 

photolytic NO2 converters mentioned a LOD(mNO2) of 4.5 nmol m-3 (0.1 ppb); however, 

the corresponding definition of LOD (1σ, 2σ or 3σ of NO2,0) is not reported. Based on 

the manufacturer’s data of the analyzers and on our experience, we assume that the 

reported values correspond to the 1σ-definition (P = 0.68). This assumption is in agree-

ment with the values of RONDÓN and GRANAT (1994), who have used the same NO2 

analyzer model, namely with LOD(mNO2) = 8.9 nmol m-3 (0.2 ppb; 2σ definition). Using 

the same LOD-definition (2), RONDÓN and GRANAT (1994) reported a four times 

lower LOD for NO of 2.2 nmol m-3 (0.05 ppb). WEBER and RENNENBERG (1996a; 

1996b) using also a photolytic NO2 converter, have not reported any specifications 

about their instrument’s sensitivity; therefore, we assumed that, based on the manufac-

turer’s information about the applied NO/NO2 analyzer, the LOD for NO was 

33.5 nmol m-3 (0.075 ppb; 3σ-definition). According to RONDÓN and GRANAT (1994), 

and based on our experience the corresponding LOD for NO2 can be assumed to have 

not been better than 10 nmol m-3 (0.225 ppb; 3  LOD(mNO)). Using the results of our 

simulation of the minimum detectable NO2 compensation point concentration (see 

Sect. 2.1.3), we can state that NO2 compensation point concentrations  44.6 nmol m-3 

(1 ppb) can be detected with high significance, if NO2 analyzers with 
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LOD(mNO2) ≈ 13.4 nmol m-3 (0.3 ppb) were used (as WEBER and RENNENBERG 1996a 

and GEßLER et al. 2002) and R2(ma,NO2, ms,NO2) was in a typical range (0.9 - 0.99) of 

laboratory measurements. Using NO2 analyzers with LOD(mNO2) ≈ 44.6 nmol m-3 

(≈ 1 ppb; e.g. analyzers with molybdenum converters) the significant detection of 

mcomp,NO2 > 44.6 nmol m-3 (1 ppb) would already be difficult, if the vdep,NO2 is very small 

(< 0.3 mm s-1). For example, THOENE et al. (1996) reported mcomp,NO2 = 73.1 nmol m-3 

(1.64 ppb) which has most likely be detected with high significance, because they 

reported vdep,NO2 = 0.8 mm s-1. On the other hand, the detection of 

mcomp,NO2 = 13.4 - 31.2 nmol m-3 (0.3 - 0.7 ppb; RONDÓN et al. 1993) at 

vdep,NO2 = 0.8 mm s-1 seems now, from a statistical point of view, to be unlikely.  

The data quality of exchange flux densities requires the control of quantifiable 

parameters of the measurement technique. To these belong the results of regular calibra-

tions of the applied analyzers, their detection limits and those parameters which quan-

tify the dependence of the analyzers’ signals from other external factors like the ambient 

temperature. Our studies showed that the temperature dependency of the applied 

chemiluminescence NO/NO2 analyzer can not be neglected (0.08 ppb/K). Hence, con-

stant ambient temperature is definitely necessary to operate the analyzers at the 

requested level of precision. For our laboratory experiments we solved this problem 

with a commercial thermostat housing the analyzers. During field experiments this may 

be not always feasible. There, we used an air conditioning system for the entire instru-

ments’ shelter (container). Since the still remaining fluctuations of temperature were 

large enough to affect the precision of the NO/NO2 analyzer, we corrected the ana-

lyzer’s signals (see Sect. 3.2.1) It should be stated, that all mentioned previous studies 

on NO2 exchange flux densities have even not mentioned this problem. 

Laboratory measurements at very low concentrations demand low and stable 

blended NO2 concentrations for fumigation of the plants. During our experiments we 

observed substantial fluctuations of the blended NO2 concentration which entered the 

dynamic plant chamber. These fluctuations were due to the blending procedure (and the 

limited sensitivity of the NO/NO2 analyzer). As shown in Figure 12 (blue line), the 

noise of NO2 concentrations caused by the blending procedure itself will substantially 

affect the precision of the NO2 concentration measurements (and consequently those of 

NO2 flux density), particularly if the detection limit of future NO2 analyzers will be im-

proved to be better than 10 nmol m-3 (0.25 ppb). Then, the improved precision of the 
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NO2 concentration measurements will fall short of the noise of the blended NO2 con-

centration at the inlet of the dynamic chamber (see Figure 12) and the improvement of 

the blending procedure (e.g. by application of more precise flow controllers) will be-

come necessary. 

 

3.3.2.2  Significance of concentration differences 

The error of NO2 exchange flux density measurements by the dynamic chamber 

method mainly depends on the error of trace gas concentration differences, Δmi between 

the inlet and the outlet of the dynamic plant chamber. In contrast to laboratory condi-

tions, NO2 concentrations in the field were relative high and rarely conflicted 

LOD(mNO2). However, during field measurements about 30 to 40 % of daytime ΔmNO2 

data were found to be not significantly different from each other (Table 13) and had to 

be rejected from further analysis. This rather high percentage of rejected data was 

mostly due to the temporal variation of ambient NO2 concentration (ma,NO2) during the 

4 min measurement interval, rather than due to the precision or to LOD(mNO2). Ambient 

NO2 mixing ratio can rapidly change due to the spatially and temporally varying sources 

within area surrounding the site of measurements (nearby country roads). In our labo-

ratory studies the percentage of non-significant ΔmNO2 “daytime” data was 37 % for 

ma,NO2 < 44.6 nmol m-3 (1 ppb) and vanished for ma,NO2 ≥ 71.4 nmol m-3 (1.6 ppb).  

In some of the previous studies means or data sets were compared for significant dif-

ferences by analysis of variance (e.g. WEBER and RENNENBERG 1996a, 1996b; HEREID 

and MONSON 2001; SPARKS et al. 2001). However, actual numbers on significant ΔmNO2 

were not reported. We like to emphasize, that (1) our approach to apply a significance 

test on the measured concentrations directly is rather novel, and (2) the control of the 

significance of mNO2 is one of the fundamental quality control criteria for highly sig-

nificant NO2 exchange flux densities, NO2 deposition velocities and above all the 

detection of highly significant NO2 compensation point concentrations. When using 

data without significance control of ΔmNO2, NO2 compensation point concentrations will 

be overestimated (see below) and therefore be (highly) significant but not true. 
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3.3.2.3  Photo-chemical reactions in the dynamic plant chamber: impact 

on net exchange flux densities, deposition velocities and compen-

sation point concentrations  

In the mentioned previous studies, the impact of photo-chemical reactions was 

mostly not considered, neither for the calculation of vdep,NO2 nor for that of mcomp,NO2. 

Partly, not all components of the NO-NO2-O3 triad were always measured. Furthermore, 

most field studies have not used ambient air as purging air. Instead, ambient air was 

filtered to remove reactive trace gases, particularly O3 and NOx. Afterwards, the desired 

NO2 concentration was blended (e.g. GEßLER et al. 2000). Using filtered air, free of NO 

and O3, allows to neglect reaction (R1), but photolysis of NO2 (R2) will still occur, as 

soon as appreciable amounts of j(NO2) are present in the plant chamber. Consideration 

of photo-chemical reactions, like the NO2 loss by reaction (R2) and the formation of 

NO2 by reaction (R1) were mentioned by NEUBERT et al. (1993), the production and 

destruction of NO by RONDÓN et al. (1993).  

With the framework of equations developed in Sects. 2.1.2 and 2.1.3, we provide a 

straightforward tool to examine the impact of photo-chemical reactions on the determi-

nation of exchange flux densities, deposition velocities and compensation point con-

centrations. While actual Fex,i, vdep,i and mcomp,i are described by Eqs. (12.1) - (12.3), 

(13.1) - (13.3) and (14.1) - (14.3), the quantities F*ex,i, v*dep,i and m*comp,i are given by 

Eqs. (15.1.1) - (15.1.3), (15.2.1) - (15.2.3) and (15.3.1) - (15.3.3). The latter are those 

quantities, which would have been observed if no photo-chemical reactions had taken 

place (e.g. for NO2 during our laboratory experiments, see Sect. 3.2.1). According to 

Eqs. (8.4), (15.1.1), (15.2.1) and (15.3.1), the exchange flux densities F*ex,i are identical 

to the so-called “chamber flux densities”, Fcham,I =  Q/Aleaf (ma,i  ms,i).  

In previous experiments, where photo-chemical reactions have not been considered, 

the actual exchange flux densities Fex,i have just been substituted by Fcham,i alone. Dur-

ing some of the more recent experiments photo-chemical reactions have been either 

(partially) excluded by corresponding set-ups or were “considered” by application of an 

empty chamber (“reference chamber”) (RONDÓN et al. 1993; GEßLER et al. 2000, 2001; 

HEREID and MONSON 2001; Sparks et al. 2001; RAIVONEN et al. 2009). However, photo-

chemical reactions within the latter chamber will be definitely different from those in 

the dynamic plant chamber, simply for the fact, that neither j(NO2), nor ms,NO2, ms,NO or 
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ms,O3 are identical in both chambers. In order to examine potential under/overestimation 

of simple “chamber flux densities” Fcham,i, by neglecting NO-NO2-O3 gas-phase pro-

duction and destruction fluxes, we combine the mentioned equations to obtain: 

 

  22322 NO,sO,sNO,s
leaf

NO,chamNO,ex mNOjmmk
A

V
FF   (22.1) 

  322 O,sNO,sNO,s
leaf

NO,chamNO,ex mmkmNOj
A

V
FF   (22.2) 

  32233 O,sNO,sNO,s
leaf

O,chamO,ex mmkmNOj
A

V
FF   (22.3) 

 

Whether actual exchange flux densities Fex,i are higher, equal or lower than corre-

sponding Fcham,i depends whether the difference of the corresponding gas-phase de-

struction and production fluxes (second term, right hand side of Eqs. (22.1) - (22.3)) is 

positive, negative and different from zero.  

If we differentiate our calculated exchange flux densities Fex,i of the field experiment 

into the chamber flux densities Fcham,i and the gas-phase flux densities Fgas,i, which 

comprised the gas-phase production and destruction of NO-NO2-O3, we can identify the 

fraction of Fgas,i of each Fex,i. For the selected leaf conductance class (see Sect. 3.2.4.2), 

the percentage of Fgas,i is displayed in Figure 22 for NO, NO2 and O3. The fraction of 

Fgas,O3 at the exchange flux density of O3 is very small (±1 %); therefore, it can be ne-

glected. For the NO2 exchange flux density the fraction of Fgas,NO2 becomes much more 

important. The median contribution of Fgas,NO2 to Fex,NO2 was just +8 %, but in particular 

cases it could be +22 % or 12 %, respectively. Quite clear becomes the impact of the 

gas-phase reactions for the NO exchange flux density. Here, Fgas,NO amounted +42 % 

(median value), but ranging from +85 % to 170 %. That means, that under certain 

conditions Fex,NO can change its sign, if Fgas,NO will not be considered: the estimated NO 

emission will convert to a NO deposition (or vice versa). 
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Figure 22: Percentage of gas-phase flux densities Fgas,i at the exchange flux densities Fex,i for 
NO (green diamond), NO2 (blue diamond) and O3 (orange diamond). Results are from the field 
experiment, restricted to one selected data class (see Sect. 3.2.4.2). The apexes of the 
diamonds represented the upper (75 %) and the lower (25 %) quantile and the black dash in the 
middle of the diamonds the median. Fgas,NO and Fgas,NO2 were applied to the left y-axis and Fgas,O3 
to the right y-axis. 

 

Similar relations can be developed for deposition velocities vdep,i by combining 

Eqs. (13.1) - (13.3) with Eqs. (15.2.1) - (15.2.3): 

 222 NOj
A

V
vv

leaf

cham
NO,depNO,dep   (23.1) 

3O,s
leaf

cham
NO,depNO,dep mk

A

V
vv   (23.2) 

NO,s
leaf

cham
O,depO,dep mk

A

V
vv  33  (23.3) 

where the quantities with the superscript “cham” are those which be derived from using 

“chamber flux densities” Fcham,i instead of actual exchange flux densities Fex,i. The 

actual deposition velocities vdep,i are in any case lower than vcham
dep,i with the exception 

ms,O3 = 0, ms,NO = 0 and j(NO2) = 0 (i.e. during nighttime). To examine how much the 



DISCUSSION DYNAMIC PLANT CHAMBER SYSTEM  | 81 

gas-phase reactions will affect vdep,i, we split our calculated deposition velocity vdep,i for 

the field data into vcham
dep,i and the complementary part caused by gas-phase reactions. 

The contribution of photolysis (see Eq. 23.1) to vdep,NO2 was 80 %, that of reaction (R1) 

on vdep,O3 only 3 %. Corresponding estimates on vdep,NO were not performed, since NO 

deposition velocities were not significant during the EGER field experiment. For their 

experimental conditions, NEUBERT et al. (1993) identified an error of about 20 % for 

their vdep,NO2 determination, if they would neglect photolysis of NO2. However, our 

results should be compared to those of previous studies with caution: in most of the 

previous studies it is not clear whether the photolysis of NO2 was correctly taken into 

account. Nevertheless, we tried to estimate the potential impact of NO2 photolysis on 

these, previously reported vdep,NO2. For that, the quantities Aleaf, V, j(NO2) and vdep,NO2 

have to be a priori known or they must be derived from other (accompanying) data. 

Most of the authors have not reported any data of Aleaf. So, we estimated the unknown 

Aleaf on the basis of available information about chamber design and our experience 

concerning the ratio between length of branch and needle area. Moreover, most authors 

did not specify the used chamber wall material nor its transmissivity for the wavelength 

range of j(NO2). Therefore, we estimated the transmissivity on basis of available mate-

rial information. THOENE et al. (1991, 1996) and GEßLER et al. (2002) used borosilicate 

glass (Schott Glaswerke, Mainz, Germany). Combining the manufacturer’s specification 

(http://www. schott.com/tubing) and our experience with different wall materials 

(including glass) we estimated the j(NO2) transmissivity of borosilicate glass to 60 %. 

For FEP-Teflon film, used by RONDÓN et al. (1993), we estimated 70 % transmissivity 

(related to our Teflon film). If NO2 photolysis would not have been considered at all, 

THOENE et al. (1991,1996) and RONDÓN et al. (1993) would have potentially overesti-

mated their vdep,NO2 values by 17 – 81 % and GEßLER et al. (2002) by up to 100 % 

(according to Eq. (23.1), depending on prevailing radiation conditions). However, since 

these authors have applied an empty (“reference”) chamber (see Sect. 3.3.1), the impact 

on NO2 photolysis on their reported vdep,NO2 values might be smaller if the underlying 

assumption is correct that the effect of NO2 photolysis is identical in the plant and in the 

empty chamber. The results of field measurements by SPARKS et al. (2001) and HEREID 

and MONSON (2001) most likely have not been affected by NO2 photolysis because they 

used a leaf chamber system with red light-emitting diodes which produce no appre-

ciable radiation in the wavelength range of j(NO2). 
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The corresponding relations for the compensation point concentrations mcomp,i are 

obtained by combining Eqs. (14.1) - (14.3) with Eqs. (15.3.1) - (15.3.3): 
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Here, the value of the fraction (right hand side of Eqs. (24.1) - (24.3)) determines 

whether the actual compensation point concentrations mcomp,i are higher, equal, or lower 

than mcham
comp,i. 

For our experimental conditions, mcomp,NO2 would be overestimated by 10 %, if the 

gas-phase reactions would not have been considered (i.e. assuming 

mcomp,NO2 = mcham
comp,NO2). For the compensation point concentration of O3 the overesti-

mation would be only 1 %. The mcomp,NO2 values reported in previous studies (THOENE 

et al. 1991, 1996; RONDÓN et al. 1993, GEßLER et al. 2002) would be overestimated 

between 3 and 17 %, if the photolysis of NO2 was not considered. 

When the value of the fractions on the right hand side of Eqs. (24.1) - (24.3) are ex-

amined for being greater, equal, or lower than unity, the following relations are 

obtained: 
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  cham
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The relevance of these relations consists in their potential for the easy check, whether or 

not the correct evaluation of compensation point concentrations has to consider photo-

chemical reactions. Having evaluated measured concentrations ma,i and ms,i by bi-variate 

weighted linear regression (which delivers ni and mi), the quantities mcham
comp,i are de-

termined. Using the simultaneously measured averages of k, j(NO2), ms,NO2, ms,NO and 

ms,O3, the right hand fractions of relations (25.1) - (25.3) can be calculated, which pro-

vide the necessary quantities to test whether or not mcham
comp,i have to be corrected for 

photo-chemical reactions in the dynamic plant chamber (by Eqs. (24.1) - (24.3)). 

 

3.3.3 Bi-variate weighted linear regression 

The determination of deposition velocities vdep,i, as well as compensation point con-

centrations mcomp,i is based on linear regression of the measured concentration of trace 

gas i in ambient air and within the dynamic plant chamber. Therefore, it is indispensable 

that errors of both variables were considered in the determination of vdep,i and mcomp,i. 

For our laboratory results (see Sect. 3.2.4.1) we have shown the effect of applying 

simple linear regression (no errors considered at all), linear regression (y-errors 

considered) and bi-variate weighted linear regression (y- and x-errors considered) on the 

significance of derived vdep,NO2 and mcomp,NO2 data (see Table 12). Generally speaking, 

applying a simple linear least-square fitting algorithm, the probability of mcomp,i  0 can 

be highly significant, while applying the bi-variate weighted linear least-square fitting 

algorithm the probability for the existence of mcomp,i could easily become “likely” or 

even “unlikely”. In the fewest cases previous authors have applied the bi-variate 

algorithm (e.g. GEßLER et al. 2000, 2002). Finally, it should be stated that in all previous 

studies values of vdep,NO2 and mcomp,NO2 have been derived from linear relationships 

between Fex,NO2 and ms,NO2 which is mathematically not correct, since the dependent 

variable Fex,NO2 contains the independent variable ms,NO2 (see Sect. 2.1.2). 
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Application	of	dynamic	
plant	chamber	system	to	

field	measurements	

In this chapter the application of the dynamic plant chamber system to field meas-

urements is presented. The chamber system was used during the second intensive 

observation period of the EGER project from 01 June to 15 July 2008. It took place in 

northeast Bavaria, Germany (see Sect. 2.5.2). Additionally, data measured during the 

project ECHO (Emission and CHemical Transformation of Biogenic Volatile Organic 

Compounds) within the German Atmospheric Research Program (AFO 2000) were 

provided to me for analysis. For this study the exchange rates of NO, NO2, O3, CO2 and 

H2O on oak (Quercus robur) under environmental conditions were measured.  

 

4.1 Methods 

4.1.1 Photosynthesis rate, transpiration rate, stomatal conductance 

Considering the exchange of the non-reactive trace gases CO2 and H2O between the 

plant chamber’s atmosphere and the enclosed leaves, the exchange flux densities of the 

net rate of photosynthesis (photosynthesis rate minus the simultaneously proceeding 

photorespiration) Fex,CO2 (in µmol m-2 s-1) and the transpiration rate Fex,H2O (in 

mmol m-2 s-1) were calculated after VON CAEMMERER and FARQUHAR (1981): 

 

 nsnr
leaf

nex mm
A

Q
F ,,,   OHCOn 22 ,  (26) 

 

The calculation is based on the difference between the molar concentration mr,n and ms,n 

(µmol m-3 or mmol m-3) of trace gas n within the empty reference chamber and the plant 
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chamber, respectively, the enclosed leaf area (Aleaf) and the chamber purging rate (Q). 

Equation (26) is comparable with Eq. (8.4), which describes the exchange flux density 

Fex,i of the reactive trace gas i (i = NO2, NO, O3) if gas-phase production and/or de-

struction of the reactive trace gas can be ruled out. 

The stomatal conductance for H2O (gH2O in m s-1) was calculated from the transpira-

tion rate (in kg m-2 s-1) and the humidity gradient, which is the difference between the 

absolute humidity inside the leaf (ahleaf in kg m-3) and the absolute humidity of ambient 

air (aha in kg m-3). The humidity inside the leaf was calculated as saturated vapor con-

centration at leaf temperature: 

 

aleaf

OH
OH ahah

F
g


 2

2   (27) 

 

The predicted leaf conductance of the gas i (gi,p) (i = NO2, O3) was estimated from 

stomatal conductance to water vapor (gH2O) by scaling it 

 

DOHpi Rgg  2,   (28) 

 

where RD is the ratio of diffusivities (cm2 s-1) of NO2 or O3 and water vapor in air. 

According to MASSMAN (1998) values of RD were amounted to 0.62 for NO2 and 0.66 

for O3 at conditions near standard temperature and pressure (T = 0 °C, p = 101.325 kPa). 

 

4.1.2 Classification of data 

Consideration of a possible compensation point concentration and determination of 

the deposition velocity require a certain amount of measuring points. During data selec-

tion it is necessary to find comparable conditions for the plant. This avoids comparison 

of, for example, trace gas exchange rates measured during a physiologically active 

phase of the plant with wide opened stoma and exchange rates measured at a phase of 

closed stoma. A suitable parameter with which to select data points is the stomatal 

conductance for H2O (gH2O) because this parameter gives information about the 

condition of the plant and indirect information about air temperature, radiation and 

water vapor deficit (VPD). Furthermore, it is known that the NO2 exchange is strongly 
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regulated by stomatal conductance (THOENE et al. 1991; GEßLER et al. 2000; 

TEKLEMARIAM and SPARKS 2006; CHAPARRO-SUAREZ 2008). Hence, the data were 

classified into seven classes of gH2O. The interval between the several classes is based 

on a logarithmical scale.  

 

4.1.3 Monitoring of plant-physiological processes due to chambers  

Working with chambers and enclosed plants (parts of plants) necessitates control of 

the plant living conditions. The design and operation of the chambers needs to guaran-

tee an undisturbed metabolism. For example, if the purging air flow is too low, it would 

disturb the gas exchange of the plant because CO2 and H2O concentrations would be 

reduced or accumulate inside the chamber. Plants will react with some regulation 

mechanisms on the modified conditions. Adequate experiments are needed to show that 

the plant is unaffected. This must be done for each plant and site. Simultaneous meas-

urements of CO2 surface exchange fluxes (assimilation), H2O surface exchange fluxes 

(transpiration) and determination of stomatal conductance can provide an indication of 

the plant condition. For long-term field measurements further control experiments in-

cluding unenclosed plants (part of the plants) would be advantageous to ensure the same 

behavior of control and enclosed plants even after long enclosure periods. For example, 

measurements of the photosynthetic capacity in response to temperature, radiation, CO2 

mixing ratio and relative humidity or analysis of the nutrient composition of enclosed 

and control plants could be tested.  

We proved the photosynthetic capacity of the enclosed needles in comparison to 

control needles. Measurements of in-situ CO2 and H2O needle gas exchange in response 

to temperature, radiation, CO2 mixing ratio and relative humidity were made using a 

portable gas exchange system (WALZ GFS3000, Walz, Effeltrich/Germany). From 

these light-response curves the light compensation point (Ic) and the light-saturated 

point (Is) could be identified. The Ic marked the irradiance level where CO2 uptake and 

respiratory CO2 release were in equilibrium. By definition the Is was reached at 90 % of 

maximal yield of photosynthesis. Additionally we have analyzed the nutrient composi-

tion (calcium, potassium, magnesium, manganese, phosphorus, sulfur, carbon and nitro-

gen) of control and enclosed needles according to validated analytical methods by the 

Bayreuth Center of Ecology and Environmental Research (BayCEER). 
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4.1.4 Set-up at the ECHO project 

For the measurements within the ECHO project a comparable dynamic chamber 

system was used. The measurement site was located in an urban area (Jülich, Germany) 

in a deciduous forest stand and took place from 12 to 19 July 2003. For a detailed de-

scription of the field site and the measurement system see DINDORF et al. (2006). 

During the measurements, a branch of the oak tree (Quercus robur) was enclosed in 

a dynamic plant chamber with a height of 60 cm and a diameter of 40 cm, equivalent to 

~75 L. The total enclosed leaf area was 0.26 m2 and the total dry-leaf weight 24.0 g. 

The sample chamber and an empty reference chamber of identical volume were continu-

ously flushed with 35 L min-1 of ambient air, which results in a residence time of 129 s. 

The chambers were installed close to each other at a height of 18 m. Air was sampled 

alternately from the reference and the plant chamber outlets for 90 s. 

NO and NO2 concentrations were measured with a chemiluminescence NO analyzer 

(Eco Physics CLD 780 TR). The LOD(mNO) of the instrument amounts to 30 ppt for a 

3 s integration time. O3 concentrations were measured with an UV-absorption analyzer 

(Model 49C, Thermo Environment). CO2 and H2O concentrations were measured with 

an infrared gas analyzer (LI-6262, LiCor, Lincoln, NE, USA). 
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4.2 Results 

EGER project 

4.2.1 Microclimatic conditions 

The ambient concentrations of NO, NO2, O3, CO2 and H2O and the relative humidity 

and air temperature were recorded in addition to the chamber measurements. Global 

radiation was detected on the top of the tower. A summary of the ambient measure-

ments is given in Table 16. NO concentrations were mostly close to the detection limit. 

Sporadic NO peaks occurred due to advection of automobile exhaust gases from a busy 

country road (2000 cars/h) at a distance of about 1 - 2 km from the site. The NO2 con-

centration varied between 0.4 and 21.5 ppb including concentration peaks from the 

road. A diurnal distribution was seen with higher NO2 concentrations at night. O3 

mixing ratios ranged between 3 and 78 ppb. In the morning hours a gradual decline of 

O3 concentration was observed. Weather conditions during measurements were charac-

teristic of the region. Air temperature ranged from 4 to 28 °C with a mean temperature 

of 14 °C.  

 

Table 16: Ambient conditions during time of field measurements. Given are mean values and 
minimum and maximum data over the measuring period (1 June to 15 July 2008). 

 

average range 

NO, ppb 0.19 ± 0.17 0.07 - 2.89 

NO2, ppb 2.46 ± 1.42 0.42 - 21.49 

O3, ppb 47.12 ± 11.67 19.0 - 77.1 

CO2, ppm 380 ± 8 293 - 409 

H2O, ppth 13 ± 2.6 7 - 25 

relative humidity, % 68.3 ± 17.4 32.3 - 99.9 

temperature, °C 14.4 ± 4.5 3.8 - 27.7 

global radiation, W m-2 232 ± 276 0 - 1005 
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4.2.2 Plant physiology 

The photosynthetic capacity control measurements of enclosed and control needles 

as performed to detect effects caused by the chambers on the enclosed plant parts are 

presented in Figure 23 for one example tree. We distinguished between control and en-

closed needles and between young and old needles. The control needles were outside 

the chambers during the whole field campaign. The photosynthesis rate was measured 

under different light conditions at ambient CO2 concentrations (370 - 390 ppm). It is 

obvious that enclosed and control needles have the same photosynthesis rates. Young 

and old needles behaved similarly. Ic was in a range of 40 to 70 µmol photons m-2 s-1 

and Is between 500 and 1100 µmol photons m-2 s-1. 

 

The results of the nutrient composition analysis (see Table 17) of the needles exhib-

ited no obvious differences between control and enclosed needles for total carbon and 

total nitrate concentration as well for magnesium, manganese, phosphate and sulfur. 

Only for potassium and calcium were major differences recognizable between young 

control and enclosed needles. As the low concentration of potassium in the young nee-

dles does not go below the limit of potassium (PFLÜGER and MENGEL 1972; SIEGHARDT 

1988; LARCHER 2003), these differences were not a sign of a harmful effect of the 

chamber. Furthermore, young plants have higher potassium concentrations than older 

plants because potassium is needed during leaf development. Potassium ions are re-

sponsible for the maintenance of the status of plasma swelling. Potassium deficit can be 

identified by fading of leaves and later leaf die off (LARCHER 2003). These symptoms 

were not observed. 
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Figure 23: Photosynthetic light response curves at ambient CO2 concentration (370 - 390 ppm) 
of control and enclosed needles. (a) young control needles, (b) young enclosed needles, 
(c) older control needles, (d) older enclosed needles. 
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Table 17: Results of the nutrient content analysis of the needles.  

 Tree 1 Tree 2 
 young  old young old 

 control enclosed  control enclosed control enclosed control enclosed 

mg g-1 dw          

Ca 2.05 2.11  3.07 2.83 2.99 2.20 6.85 6.70 

K 6.91 8.66  4.65 5.06 4.58 5.87 2.61 2.53 

Mg 0.67 0.78  0.54 0.64 0.63 0.58 0.66 0.69 

Mn 0.17 0.17  0.28 0.24 0.12 0.09 0.27 0.26 

P 1.40 1.61  1.15 1.15 1.21 1.34 0.88 0.89 

S 0.67 0.74  0.83 0.83 0.62 0.64 0.76 0.74 

%          

N 1.13 1.35  1.40 1.49 1.09 1.10 1.27 1.26 

C 47.48 47.63  48.75 48.87 47.94 48.72 49.51 49.53 

 

4.2.3 Diurnal variations of gas exchange 

The diurnal variation of exchange flux densities of CO2, H2O, NO, NO2 and O3 for 

Tree 1 for the period from 7 to 8 July are presented in Figure 25. At these two days 

maximal PAR reached 575 µmol photons m-2 s-1 and leaf temperature (Tleaf) was always 

below 18 °C. The O3 exchange flux density (Fex,O3) ranged between -0.02 and 

-0.61 nmol m-2 s-1. On both days a gradual increase of Fex,O3 was observed, started rising 

at sunrise at 06:00 and reaching maximum values at 14:00. Then the Fex,O3 declined to 

minimum values, as did the leaf conductance, before it began to increase again the next 

morning. Compared to O3 the diurnal course of NO2 exchange flux density (Fex,NO2) was 

not so pronounced. Moreover, for NO2 more Fex,NO2 data had to be rejected for non-

significance of ΔmNO2 = (ma,NO2 – ms,NO2) than for O3. The range of Fex,NO2 was between 

-0.04 and 0.01 nmol m-2 s-1. The diurnal NO distribution was not identifiable. Most of 

the Fex,NO measurements had to be rejected as ΔmNO = (ma,NO – ms,NO) was not signifi-

cant or the concentrations were under the LOD(mNO). The positive values of Fex,NO 

occurred by corrections for the chemical gas phase reactions and not by higher NO 

concentrations inside the sample chamber compared to concentrations in ambient air.  

Exchange flux densities of NO and NO2 between 06:00 and 12:00 have to be 

interpreted with caution because in this time interval advection of automobile exhaust 
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gases from a country road cannot be excluded. As mentioned above this problem of 

advection is well known. It has been identified in simultaneously-performed profile 

measurements of in- and above canopy concentrations and eddy covariance flux 

measurements of NO-NO2-O3 (PLAKE et al. 2009). 

Figure 26 presents the diurnal variations of the period from 29 to 30 June. During 

these two days PAR reached maximal values of 1800 µmol photons m-2 s-1 with an 

average of 400 µmol photons m-2 s-1 under daylight conditions. Compared to the two 

days presented before, these days were much sunnier and therefore Tleaf reached values 

above 20 °C around noon. The distribution of the leaf conductance (Figure 26c) is 

strongly connected to the leaf temperature. If Tleaf exceeds values of around 23 °C sto-

mata began to close. This temperature effect has been documented through independent 

measurements of temperature dependence of photosynthesis on leaf level (see Figure 

24, data provided by E. Falge, personal communication, 2009). To that effect the diur-

nal course of Fex,O3 only reached maximum values of -0.51 nmol m-2 s-1 and began to 

decrease earlier. During such days diurnal distributions of Fex,NO2 could hardly be seen, 

because when stomata closed around noon only very small NO2 exchange fluxes could 

be detected. In most cases Fex,NO2 data had to be rejected for non-significance of 

ΔmNO2 = (ma,NO2 – ms,NO2). There was an additional problem with the measurements of 

NO for these two days: Most of the measured NO concentrations were below the 

detection limit of the NO analyzer or the concentration differences ΔmNO were not 

significant, therefore we can not calculate any exchange fluxes. 
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Figure 24: Temperature dependence of photosynthesis rate (Fex,CO2). In-situ measurements of 
CO2 gas exchange on needle level in response to temperature, using a portable gas exchange 
system (WALZ GFS3000, Walz, Effeltrich/Germany). Here photosynthesis rates were 
represented with positive sign. Data provided by E. Falge, (personal communication, 2009).  
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Figure 25: Exchange flux densities (Fex) of CO2 (panel (a), green line), H2O (panel (c), blue 
line), NO, NO2, O3 (panel (d-f)) with diurnal courses of PAR (panel (a), orange line), leaf 
temperature (Tleaf) (panel (b)) and leaf conductance (gH2O) (panel (c) black line) over the period 
from Jul 07 to Jul 08. The flux data are 16 min averages. Grey circles identify Fex,i data, which 
have to be rejected for non-significance of Δmi = (ma,i – ms,i). Grey bars indicate time interval of 
possible advection of automobile exhaust gases from a country road. 
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Figure 26: Exchange flux densities (Fex) of CO2 (panel (a), green line), H2O (panel (c), blue 
line), NO, NO2, O3 (panel (d-f)) with diurnal courses of PAR (panel (a), orange line), leaf 
temperature (Tleaf) (panel (b)) and leaf conductance (gH2O) (panel (c) black line) over the period 
from Jun 29 to Jun 30. The flux data are 16 min averages. Grey circles identify Fex,i data, which 
have to be rejected for non-significance of Δmi = (ma,i – ms,i). Grey bars indicate time interval of 
possible advection of automobile exhaust gases from a country road. 
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4.2.4 Overview of plant chamber measurements 

The field measurements took place over a period of six weeks. Table 18 presents the 

results of both dynamic sample chambers (trace gas concentration measurements of NO, 

NO2, O3, photosynthesis, transpiration, exchange flux densities of NO, NO2, O3, leaf 

conductance, light and temperature conditions). The NO concentration (ms,NO) inside the 

two sample chambers was on average 0.16 ppb at day and 0.1 ppb at night which ap-

proached limit of detection of the analyzer (LOD(mNO) = 0.1 ppb = 4.46 nmol m-3). The 

NO2 concentration ms,NO2 were in contrast always above the limit of detection 

(LOD(mNO2) = 0.31 ppb = 13.8 nmol m-3). At day and night the mean NO2 values were 

around 2 ppb. Some high concentration peaks were observable, especially for NO2, up 

to a maximum of 17 ppb. This temporary concentration rise resulted from the traffic 

road near by the site, frequently during the rush-hour traffic in the morning between 

06:00 and 12:00. The O3 concentrations ms,O3 reached averages of 40 ppb. Both 

branches demonstrated similar photosynthesis, respiration and transpiration activities. 

Leaf conductances of H2O (gH2O) were also comparable. Consequently there was no 

evidence for different behavior of the two trees or enclosed parts of the plants. 

The data selection of statistically-significant differences of trace gas concentrations 

at the inlet and the outlet of the dynamic chamber (see Sect. 3.1.5) resulted in different 

numbers for NO, NO2 and O3, which were used to calculate the exchange flux densities. 

Table 19 presents the percentage of significant concentration differences 

Δmi = (ma,i - ms,i) measured at the inlet and outlet of the dynamic sample chamber 1 and 

2. It becomes apparent that for O3 most of the concentration differences were 

significant. Most statistically insignificant concentration differences were found for NO, 

especially at night. Overall, only one fourth of the NO data pairs passed the significance 

criterion. For NO2 measurements the percentage of significant data pairs was 60 - 70 %. 

The bi-variate weighted regression analysis for NO resulted in very small 

R2(ma,NO, ms,NO) between 0.0173 and 0.9031. Moreover, the probabilities of significant 

NO compensation point concentrations mcomp,NO and NO deposition velocities vdep,NO are 

generally unlikely. Continuative evaluations for mcomp,NO and vdep,NO were not practical. 
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Table 18: Overview of chamber measurements. Given are mean data from 4 minute average 
values of day and night measurements. 

 sample chamber 1 sample chamber 2 
 daya night daya night 

ms,NO , ppb 0.16 ±0.12 0.10 ±0.04 0.16 ±0.13 0.09 ±0.04 
 (0.10* - 1.53) (0.10* - 0.35) (0.10* - 1.75) (0.10* - 0.35) 

Fex,NO , nmol m-2 s-1 -0.006 ±0.015 0.009 ±0.005 -0.005 ±0.007 0.010 ±0.004 
 (-0.110 - 0.044) (0.002 - 0.019) (-0.026 - 0.090) (0.002 - 0.023) 

ms,NO2 , ppb 2.19 ±1.35 2.28 ±1.31 2.13 ±1.27 2.30 ±0.91 
 (0.73 - 17.19) (0.76 - 12.28) (0.77 - 11.91) (0.66 - 7.63) 

Fex,NO2 , nmol m-2 s-1 -0.011 ±0.015 -0.014 ±0.025 -0.019 ±0.020 -0.013 ±0.022 
 (-0.079 - 0.058) (-0.414 - 0.085) (-0.341 - 0.045) (-0.205 - 0.155) 

vdep,NO2 , mm s-1 0.19 ±0.11  0.24 ±0.11  
 (0.07 - 0.35)  (0.14 - 0.42)  

ms,O3 , ppb 40.80 ±11.88 37.41 ±8.23 40.16 ±11.88 40.42 ±10.80 
 (17.76 - 72.41) (21.31 - 63.41) (15.58 - 72.95) (19.41 - 70.27) 

Fex,O3 , nmol m-2 s-1 -0.367 ±0.174 -0.019 ±0.316 -0.386 ±0.156 -0.180 ±0.123 
 (-1.153 - 0.086) (-0.889 - 0.293) (-1.167 - 0.152) (-1.141 - 0.255) 

vdep,O3 , mm s-1 0.22 ±0.11  0.20 ±0.09  
 (0.07 - 0.38)  (0.06 - 0.32)  

Fex,CO2 , µmol m-2 s-1 -0.57 ±0.47 0.09 ±0.07 -0.59 ±0.45 0.13 ±0.07 
 (-2.66 - 0.20) (-0.05 - 0.34) (-2.01 - 0.24) (-0.77 - 0.52) 

Fex,H2O , mmol m-2 s-1 0.07 ±0.06 0.01 ±0.01 0.09 ±0.06 0.01 ±0.01 
 (0 - 0.39) (0 - 0.03) (0 - 0.28) (0 – 0.03) 

gH2O , cm s-1 0.03 ±0.04 0.01 ±0.03 0.05 ±0.06 0.01 ±0.014 

 (0 - 0.54) (0 - 0.07) (0 - 0.83) (0 – 0.17) 

gNO2,p , cm s-1 0.020 ±0.022 0.007 ±0.006 0.031 ±0.040 0.006 ±0.005 
 (0 - 0.34)  (0 - 0.042) (0 - 0.513) (0 - 0.107) 

Tleaf , °C 17.9 ±4.7 11.3 ±2.8 18.3 ±4.9 13.3 ±3.3 
 (6.5 - 38.7) (6.3 – 16.7) (6.3 - 33.1) (6.3 - 22.4) 

rHout , % 66.7 ±17.5 85.4 ±11.1 66.0 ±17.8 79.0 ±14.2 
 (32.3 - 99.9) (62.5 - 99.9) (32.6 - 99.9) (40.3 - 99.9) 

PAR, µmol m-2 s-1 231 ±273 - 255 ±280 - 

 (0 - 1875) - (0 - 1848) - 
a daytime values were used when global radiation > 5 W m-2 

* limit of detection (LOD) 
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Table 19: Percentage of significant differences (Δmi) of sample chamber 1 and 2. Only 
concentrations above LOD were considered. 

 

sample chamber 1 
significant Δmi % of total 

(number of total) 

 sample chamber 2 
significant Δmi % of total 

(number of total) 

 
all 

(2988) 
day 

(1885) 
night 
(1103) 

 
all 

(2993) 
day 

(1887) 
night 
(1106) 

NO 24 33 7  24 33 8 

NO2 57 62 48  67 69 63 

O3 96 98 93  98 99 97 

 

 

Table 20: Definition of the classes, which were used for the classification of measured data. All 
displayed data are mean values. Leaf conductance (gH2O) were calculated on basis of projected 
leaf area and total leaf surface area. 

 class  1 2 3 4 5 6 7 

 gH2O 

projected 
Aleaf 

cm s-1 
0.01  

- 
0.025 

0.025  
- 

0.06 

0.06  
-  

0.08 

0.08  
-  

0.1 

0.1  
-  

0.13 

0.13  
-  

0.16 

0.16  
-  

1.0 

 gH2O 

total  
Aleaf 

cm s-1 
0.004 

- 
0.01 

0.01 
- 

0.02 

0.02  
- 

0.03 

0.03  
- 

0.04 

0.04  
- 

0.05 

0.05  
- 

0.06 

0.06  
- 

0.4 

PAR µmol m-2 s-1 130 ±261 200 ±334 253 ±311 279 ±300 297 ±312 355 ±335 319 ±365

Tair °C 18.8 ±4.9 16.8 ±4.9 16.5 ±4.2 15.7 ±3.7 14.3 ±3.8 13.9 ±3.6 12.0 ±3.4

r.H. % 54 ±17 64 ±18  64 ±16 67 ±14 69 ±14 70 ±13 80 ±14 

Fex,CO2 µmol m-2 s-1 
-0.15 
±0.12 

-0.37 
±0.22 

-0.62 
±0.26 

-0.74 
±0.31 

-0.86 
±0.37 

-1.02 
±0.42 

-1.05 
±0.46 ch

am
b

er
 1

 

Fex,H2O mmol m-2 s-1 
 0.03 
±0.02 

 0.05  
±0.04 

 0.08  
±0.05 

 0.09  
±0.05 

 0.10  
±0.06 

 0.11  
±0.07 

 0.09 
±0.08 

PAR µmol m-2 s-1 51 ±158 157 ±251 279 ±353 336 ±387 278 ±290 320 ±307 322 ±329

Tair °C 16.9 ±4.7 17.4 ±5.1 17.4 ±4.7 16.8 ±4.2 15.8 ±3.9 14.6 ±3.7 12.6 ±3.5

r.H. % 63 ±19 61 ±19  59 ±17 61 ±16 66 ±14 69 ±14 77 ±16 

Fex,CO2 µmol m-2 s-1 
-0.03 
±0.11 

-0.25 
±0.22 

-0.53 
±0.26 

-0.67 
±0.31 

-0.77 
±0.31 

-0.88 
±0.36 

-0.98 
±0.42 ch

am
b

er
 2

 

Fex,H2O mmol m-2 s-1 
 0.02  
±0.02 

 0.06  
±0.05 

 0.10  
±0.06 

 0.11  
±0.07 

 0.11  
±0.06 

 0.11  
±0.06 

 0.09  
±0.06 
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Before calculating exchange flux densities, compensation point concentrations and 

deposition velocities, all data were not only controlled for significant concentration 

differences but also classified (see Sect. 4.1.2). Table 20 displays the ambient and plant 

conditions of the single classes for each chamber. Depending on the placement of 

chamber installation the ambient conditions might differ between the two chambers, es-

pecially for PAR. Using leaf conductance of 0.01 cm s-1 (0.004 cm s-1 per total Aleaf) as 

lower limit excluded situations of condensation inside the chamber from further 

considerations.  

 

4.2.5 NO2 exchange flux density 

The exchange flux densities of NO2 (Fex,NO2) were calculated according to Eq. (8.4) 

and their standard errors according to Eq. (19). NO2 deposition velocities (vdep,NO2) and 

NO2 compensation point concentrations (mcomp,NO2) were determined using the bi-variate 

regression analysis (see Sect. 2.1.2). The results of the single classes 1 -7 are displayed 

in Figure 27 to Figure 30 for data from sample chamber 1 and in Figure 31 to Figure 34 

for data from sample chamber 2 (refer to the schematic representation in Figure 6). 

Panels 1a -7a represent the results of bi-variate weighted linear regression analysis 

between NO2 concentrations at the plant chamber’s inlet (ma,NO2) and outlet (ms,NO2), 

while at panels 1b - 7b show these data for Fex,NO2 versus ms,NO2. The blue line 

represents vdep,NO2 and the red filled circle marks mcomp,NO2. The blue circles identify 

Fex,NO2 data which were significant for mNO2 = (ma,NO2  ms,NO2). The bi-variate 

regression analysis (see Sect. 3.1.6) of the data from sample chamber 1 resulted in 

R2(maNO2,ms,NO2) between 0.8709 and 0.9401 and vdep,NO2 between 0.07 and 0.35 mm s-1. 

The vdep,NO2 increased with the number of the classes, that is, as the class number and 

gH2O gets higher the deposition velocity increases. The determined mcomp,NO2 ranged 

between 2.4 ±9.63 and 29.0 ±16.30 nmol m-3 (0.05 - 0.65 ppb). The significance prob-

abilities of mcomp,NO2 ≠ 0 vary from 96.90 % (“likely”) to 99.99 % (“highly significant”). 

The results of sample chamber 2 were mostly comparable. R2(ma,O3,ms,O3) reached 

values between 0.8106 and 0.9702. vdep,NO2 reached values mainly in the same range but 

the determination of mcomp,NO2 became complicated at this point. For classes 2, 3 and 6, 

mcomp,NO2 results in negative values with a probability of 99.99 % (“highly significant”). 

However a negative NO2 compensation point concentration is physically meaningless. 



 

(1a), (2a) NO2 concentration measured at the outlet of the dynamic plant chamber (ms,NO2) vs. NO2 concentration measured at the inlet of the dynamic 
plant chamber (ma,NO2). Blue circles identify data pairs for significance of ΔmNO2 = (ma,NO2 - ms,NO2). Blue line is calculated according to bi-variate weighted 
linear least-squares fitting regression analysis. (1b), (2b) NO2 exchange flux density (Fex,NO2) vs. NO2 concentration measured at the outlet of the dynamic 
plant chamber (ms,NO2). NO2 compensation point concentration mcomp,NO2 is represented by red filled circle. 
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Figure 27: NO2 measurements, data class 1 and 2 of sample chamber 1 
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(3a), (4a) NO2 concentration measured at the outlet of the dynamic plant chamber (ms,NO2) vs. NO2 concentration measured at the inlet of the dynamic 
plant chamber (ma,NO2). Blue circles identify data pairs for significance of ΔmNO2 = (ma,NO2 - ms,NO2). Blue line is calculated according to bi-variate weighted 
linear least-squares fitting regression analysis. (3b), (4b) NO2 exchange flux density (Fex,NO2) vs. NO2 concentration measured at the outlet of the dynamic 
plant chamber (ms,NO2). NO2 compensation point concentration mcomp,NO2 is represented by red filled circle. 
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Figure 28: NO2 measurements, data class 3 and 4 of sample chamber 1 
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(5a), (6a) NO2 concentration measured at the outlet of the dynamic plant chamber (ms,NO2) vs. NO2 concentration measured at the inlet of the dynamic 
plant chamber (ma,NO2). Blue circles identify data pairs for significance of ΔmNO2 = (ma,NO2 - ms,NO2). Blue line is calculated according to bi-variate weighted 
linear least-squares fitting regression analysis. (5b), (6b) NO2 exchange flux density (Fex,NO2) vs. NO2 concentration measured at the outlet of the dynamic 
plant chamber (ms,NO2). NO2 compensation point concentration mcomp,NO2 is represented by red filled circle. 
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Figure 29: NO2 measurements, data class 5 and 6 of sample chamber 1 
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Figure 30: NO2 measurements, data class 7 of sample chamber 1 
(7a) NO2 concentration measured at the outlet of the dynamic plant chamber (ms,NO2) vs. NO2 concentration measured at the inlet of the dynamic plant 
chamber (ma,NO2). Blue circles identify data pairs for significance of ΔmNO2 = (ma,NO2 - ms,NO2). Blue line is calculated according to bi-variate weighted linear 
least-squares fitting regression analysis. (7b) NO2 exchange flux density (Fex,NO2) vs. NO2 concentration measured at the outlet of the dynamic plant 
chamber (ms,NO2). NO2 compensation point concentration mcomp,NO2 is represented by red filled circle. 
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(1a), (2a) NO2 concentration measured at the outlet of the dynamic plant chamber (ms,NO2) vs. NO2 concentration measured at the inlet of the dynamic 
plant chamber (ma,NO2). Blue circles identify data pairs for significance of ΔmNO2 = (ma,NO2 - ms,NO2). Blue line is calculated according to bi-variate weighted 
linear least-squares fitting regression analysis. (1b), (2b) NO2 exchange flux density (Fex,NO2) vs. NO2 concentration measured at the outlet of the dynamic 
plant chamber (ms,NO2). NO2 compensation point concentration mcomp,NO2 is represented by red filled circle. 

 

0

50

100

150

200
m

s,
N

O
2
 , 

 n
m

ol
 m

-3

0.0

1.0

2.0

3.0

4.0

m
s,

N
O

2 
,  

p
pb

ma,NO2 ,  ppb
0 1 2 3 4(1a)

LOD(ma,NO2)

LO
D

(m
s,

N
O

2)

1:1

 

0

50

100

150

200

0 50 100 150 200
ma,NO2 ,  nmol m-3

m
s,

N
O

2
 , 

 n
m

ol
 m

-3

0.0

1.0

2.0

3.0

4.0

m
s,

N
O

2 
, 

 p
pb

0 1 2 3 4(2a)

LOD(ma,NO2)

L
O

D
(m

s,
N

O
2)

1:1

 
 
Figure 31: NO2 measurements, data class 1 and 2 of sample chamber 2 
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(3a), (4a) NO2 concentration measured at the outlet of the dynamic plant chamber (ms,NO2) vs. NO2 concentration measured at the inlet of the dynamic 
plant chamber (ma,NO2). Blue circles identify data pairs for significance of ΔmNO2 = (ma,NO2 - ms,NO2). Blue line is calculated according to bi-variate weighted 
linear least-squares fitting regression analysis. (3b), (4b) NO2 exchange flux density (Fex,NO2) vs. NO2 concentration measured at the outlet of the dynamic 
plant chamber (ms,NO2). NO2 compensation point concentration mcomp,NO2 is represented by red filled circle. 
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Figure 32: NO2 measurements, data class 3 and 4 of sample chamber 2 
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(5a), (6a) NO2 concentration measured at the outlet of the dynamic plant chamber (ms,NO2) vs. NO2 concentration measured at the inlet of the dynamic 
plant chamber (ma,NO2). Blue circles identify data pairs for significance of ΔmNO2 = (ma,NO2 - ms,NO2). Blue line is calculated according to bi-variate weighted 
linear least-squares fitting regression analysis. (5b), (6b) NO2 exchange flux density (Fex,NO2) vs. NO2 concentration measured at the outlet of the dynamic 
plant chamber (ms,NO2). NO2 compensation point concentration mcomp,NO2 is represented by red filled circle. 
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Figure 33: NO2 measurements, data class 5 and 6 of sample chamber 2 
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Figure 34: NO2 measurements, data class 7 of sample chamber 2 
(7a) NO2 concentration measured at the outlet of the dynamic plant chamber (ms,NO2) vs. NO2 concentration measured at the inlet of the dynamic plant 
chamber (ma,NO2). Blue circles identify data pairs for significance of ΔmNO2 = (ma,NO2 - ms,NO2). Blue line is calculated according to bi-variate weighted linear 
least-squares fitting regression analysis. (7b) NO2 exchange flux density (Fex,NO2) vs. NO2 concentration measured at the outlet of the dynamic plant 
chamber (ms,NO2). NO2 compensation point concentration mcomp,NO2 is represented by red filled circle. 
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Details of statistical evaluation for NO2 and O3 data of sample camber 1 are listed in 

Table 21 and for data of sample chamber 2 in Table 22. 

 

Table 21: Parameters of bi-variate weighted linear least-squares fitting regression analysis (see 
Sect. 3.1.6) for data classes 1 -7 of sample chamber 1. Only significant data of Δmi = (ma,i  ms,i) 
were applied.  

statistical 
quantity 

unit 
 

NO2 O3  NO2 O3 

N [1] 91 278 55 226 
R2(ma,i;ms,i) [1] 0.8939 0.9963 0.9248 0.9872 

n nmol m-3 6.5 ±1.75  8.6 ±2.09  

m [1] 0.91 ±0.025 0.95 ±0.002 0.79 ±0.021 0.82 ±0.003 

mcomp,i nmol m-3 14.0 33.38  23.1 14.43  

mcomp,i  0? % 99.98  (HS)  99.99  (HS)  

vdep,i mm s-1 

cl
as

s 
1 

0.07 0.059 0.07 0.004 
cl

as
s 

5 
0.25 0.045 0.27 0.0008 

N [1] 102 377 35 185 
R2(ma,i;ms,i) [1] 0.8886 0.9932 0.9263 0.9910 

n nmol m-3 6.6 ±1.89  11.4 ±2.81  

m [1] 0.89 ±0.021 0.91 ±0.003 0.74 ±0.034 0.79 ±0.004 

mcomp,i nmol m-3 22.7 30.49  29.0 16.30  

mcomp,i  0? % 99.99  (HS)  99.99  (HS)  

vdep,i mm s-1 

cl
as

s 
2 

0.09 0.062 0.12 0.004 

cl
as

s 
6 

0.30 0.079 0.32 0.017 

N [1] 47 211 75 306 
R2(ma,i;ms,i) [1] 0.8709 0.9926 0.8861 0.9811 

n nmol m-3 7.1 ±3.19  6.3 ±1.99  

m [1] 0.86 ±0.041 0.87 ±0.004 0.74 ±0.025  

mcomp,i nmol m-3 13.9 36.65  .4 9.63  

mcomp,i  0? % 98.73  (S)  96.90  (L)  

vdep,i mm s-1 

cl
as

s 
3 

0.13 0.071 0.18 0.009 

cl
as

s 
7 

0.35 0.034 0.38 0.014 

N [1] 52 210   
R2(ma,i;ms,i) [1] 0.9401 0.9932 

 
  

n nmol m-3 4.0 ±2.36    

m [1] 0.87 ±0.026 0.85 ±0.003 
 

  

mcomp,i nmol m-3 -24.3 35.61    

mcomp,i  0? % 99.99  (HS)    

vdep,i mm s-1 

cl
as

s 
4 

0.11 0.076 0.22 0.009 


  

* assumption for O3: mcomp,O3 = 0 (n3 = 0). 
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Table 22: Parameters of bi-variate weighted linear least-squares fitting regression analysis (see 
Sect. 3.1.6) for data classes 1 -7 of sample chamber 2. Only significant data of Δmi = (ma,i  ms,i) 
were applied. 

statistical 
quantity 

unit 
 

NO2 O3  NO2 O3 

N [1] 43 152 74 274 
R2(ma,i;ms,i) [1] 0.9702 0.9938 0.8393 0.9876 

n nmol m-3 -4.7 3.24  7.5 2.56  

m [1] 1.00 0.031 0.95 0.004 0.78 0.030 0.82 0.004 

mcomp,i nmol m-3 6860 12428  14.5 13.20  

mcomp,i  0? % 28.08  (UL)  99.99  (HS)  

vdep,i mm s-1 

cl
as

s 
1 

-0.002 0.035 0.06 0.004 

cl
as

s 
5 

0.29 0.061 0.26 0.011 

N [1] 102 443 43 195 
R2(ma,i;ms,i) [1] 0.9075 0.9850 0.8912 0.9885 

n nmol m-3 3.7 1.40  1.4 2.76  

m [1] 0.89 0.014 0.91 0.003 0.85 0.033 0.80 0.005 

mcomp,i nmol m-3 -16.7 13.94  -34.0 22.60  

mcomp,i  0? % 99.99  (HS)  99.99  (HS)  

vdep,i mm s-1 

cl
as

s 
2 

0.14 0.037 0.11 0.004 

cl
as

s 
6 

0.19 0.050 0.28 0.012 

N [1] 87 283 140 455 
R2(ma,i;ms,i) [1] 0.8783 0.9913 0.8106 0.9538 

n nmol m-3 4.1 1.99  8.1 1.73  

m [1] 0.88 0.024 0.87 0.004 0.71 0.021 0.77 0.005 

mcomp,i nmol m-3 -13.6 19.45  .4 6.40  

mcomp,i  0? % 99.99  (HS)  99.99  (HS)  

vdep,i mm s-1 

cl
as

s 
3 

0.14 0.015 0.17 0.007 

cl
as

s 
7 

0.42 0.067 0.32 0.008 

N [1] 59 208   
R2(ma,i;ms,i) [1] 0.8545 0.9928 

 
  

n nmol m-3 8.5 2.61    

m [1] 0.82 0.027 0.84 0.004 
 

  

mcomp,i nmol m-3 16.5 15.25    

mcomp,i  0? % 99.99  (HS)    

vdep,i mm s-1 

cl
as

s 
4 

0.25 0.047 0.22 0.009 


  

* assumption for O3: mcomp,O3 = 0 (n3 = 0). 
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On closer consideration of the variation of Fex,NO2 referring to the leaf conductance 

classes it became apparent that Fex,NO2 increased with raising classes of gH2O. In Figure 

35 the median of Fex,NO2 for each class is presented as well as the interquartile ranges 

and the minimum and maximum of Fex,NO2 for data measured at sample chamber 1. The 

data of sample chamber 2 are displayed in Figure 36. Both enclosed branches showed 

the same trend. At very low leaf conductance (gH2O) the median of Fex,NO2 reached 

values of -0.002 nmol m-2 s-1 (sample chamber 1) and -0.015 nmol m-2 s-1 (sample 

chamber 2) respectively. With increasing leaf conductance Fex,NO2 rose up almost linear 

to 0.020 and 0.024 nmol m-2 s-1 respectively. The connection between NO2 exchange 

rates and stomatal conductance can be identified.  
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Figure 35: Variation of NO2 exchange flux density (Fex,NO2) of sample chamber 1 for different 
leaf conductance classes (increasing values of leaf conductance from class 1 to 7). Blue lines 
denote the median, the boxes the interquartile ranges (0.25 – 0.75), the black lines the 
minimum and maximum. 
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Figure 36: Variation of NO2 exchange flux density (Fex,NO2) of sample chamber 2 for different 
leaf conductance classes (increasing values of leaf conductance from class 1 to 7). Blue lines 
denote the median, the boxes the interquartile ranges (0.25 – 0.75), the black lines the 
minimum and maximum. 

 

 

4.2.6 O3 exchange flux density 

The analysis of the O3 data was done in the same way as the analysis of the NO2 

data (see Sects. 2.1.2 and 2.1.3). The results for the evaluation of O3 exchange flux 

densities (Fex,O3) and O3 deposition velocities (vdep,O3) of the classes 1 -7 are presented in 

Figure 37 to Figure 40 for sample chamber 1 and in Figure 41 to Figure 44 for sample 

chamber 2. Panels 1a - 7a represent the results of bi-variate weighted linear regression 

analysis between O3 concentrations at the plant chamber’s inlet (ma,O3) and outlet 

(ms,O3), while in panels 1b - 7b those of Fex,O3 versus ms,O3 are shown. The orange line 

represents vdep,O3. The red circles identify Fex,O3 data which were significant for mO3 = 

(ma,O3  ms,O3). For the analysis of O3 data an O3 compensation point concentration 

mcomp,O3 = 0 (n3 = 0) was assumed. 
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The bi-variate regression analysis for the data from sample chamber 1 resulted in 

R2(ma,O3,ms,O3) between 0.9811 and 0.9963 and vdep,O3 ranged between 0.07 ±0.059 and 

0.38 0.014 mm s-1. Values of vdep,O3 increased with raising class of leaf conductance 

gH2O. The results of sample chambers 1 were comparable with sample chamber 2. 

Analysis of O3 data from sample chamber 2 resulted in R2(ma,O3,ms,O3) between 0.9538 

and 0.9938. Deposition velocity of O3 for the seven classes ranged between 0.06 ±0.004 

and 0.32 0.008 mm s-1. In Table 21 and Table 22 the details of the statistical analysis 

of the O3 data are listed. 

In Figure 45 and Figure 46 the median, the interquartile ranges and the minimum 

and maximum of Fex,O3 for each class of gH2O are displayed. It is obviously that values 

of Fex,O3 increased when gH2O became greater. Therefore, O3 deposition increased with 

raising leaf conductance. The increasing of Fex,O3 were more pronounced than the 

observed increasing of Fex,NO2. The median of Fex,O3 ranged from -0.17 to 

-0.52 nmol m-2 s-1 for sample chamber 1 and from -0.16 to -0.49 nmol m-2 s-1 for sample 

chamber 2. The rate of increase between the single classes declined with raising class: at 

high leaf conductances a trend of saturation for the O3 uptake can be expected. The O3 

exchange rates seem to depend on stomatal conductance like NO2 to a certain degree. 

Compared to NO2 deposition of O3 were higher at low gH2O, this may have been caused 

by O3 deposition to leaf, petiole and bark surfaces of the enclosed branches (due to high 

reactivity of ozone). 

 

 



 

(1a), (2a) O3 concentration measured at the outlet of the dynamic plant chamber (ms,O3) vs. O3 concentration measured at the inlet of the dynamic plant 
chamber (ma,O3). Orange circles identify data pairs for significance of ΔmO3 = (ma,O3 - ms,O3). Orange line is calculated according to bi-variate weighted 
linear least-squares fitting regression analysis. (1b), (2b) O3 exchange flux density (Fex,O3) vs. O3 concentration measured at the outlet of the dynamic plant 
chamber (ms,O3). 
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Figure 37: O3 measurements, data class 1 and 2 of sample chamber 1 
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(3a), (4a) O3 concentration measured at the outlet of the dynamic plant chamber (ms,O3) vs. O3 concentration measured at the inlet of the dynamic plant 
chamber (ma,O3). Orange circles identify data pairs for significance of ΔmO3 = (ma,O3 - ms,O3). Orange line is calculated according to bi-variate weighted 
linear least-squares fitting regression analysis. (3b), (4b) O3 exchange flux density (Fex,O3) vs. O3 concentration measured at the outlet of the dynamic plant 
chamber (ms,O3). 
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Figure 38: O3 measurements, data class 3 and 4 of sample chamber 1 
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(5a), (6a) O3 concentration measured at the outlet of the dynamic plant chamber (ms,O3) vs. O3 concentration measured at the inlet of the dynamic plant 
chamber (ma,O3). Orange circles identify data pairs for significance of ΔmO3 = (ma,O3 - ms,O3). Orange line is calculated according to bi-variate weighted 
linear least-squares fitting regression analysis. (5b), (6b) O3 exchange flux density (Fex,O3) vs. O3 concentration measured at the outlet of the dynamic plant 
chamber (ms,O3). 
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Figure 39: O3 measurements, data class 5 and 6 of sample chamber 1 
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Figure 40: O3 measurements, data class 7 of sample chamber 1 
(7a) O3 concentration measured at the outlet of the dynamic plant chamber (ms,O3) vs. O3 concentration measured at the inlet of the dynamic plant 
chamber (ma,O3). Orange circles identify data pairs for significance of ΔmO3 = (ma,O3 - ms,O3). Orange line is calculated according to bi-variate weighted 
linear least-squares fitting regression analysis. (7b) O3 exchange flux density (Fex,O3) vs. O3 concentration measured at the outlet of the dynamic plant 
chamber (ms,O3). 
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(1a), (2a) O3 concentration measured at the outlet of the dynamic plant chamber (ms,O3) vs. O3 concentration measured at the inlet of the dynamic plant 
chamber (ma,O3). Orange circles identify data pairs for significance of ΔmO3 = (ma,O3 - ms,O3). Orange line is calculated according to bi-variate weighted 
linear least-squares fitting regression analysis. (1b), (2b) O3 exchange flux density (Fex,O3) vs. O3 concentration measured at the outlet of the dynamic plant 
chamber (ms,O3). 
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Figure 41: O3 measurements, data class 1 and 2 of sample chamber 2 
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(3a), (4a) O3 concentration measured at the outlet of the dynamic plant chamber (ms,O3) vs. O3 concentration measured at the inlet of the dynamic plant 
chamber (ma,O3). Orange circles identify data pairs for significance of ΔmO3 = (ma,O3 - ms,O3). Orange line is calculated according to bi-variate weighted 
linear least-squares fitting regression analysis. (3b), (4b) O3 exchange flux density (Fex,O3) vs. O3 concentration measured at the outlet of the dynamic plant 
chamber (ms,O3). 
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Figure 42: O3 measurements, data class 3 and 4 of sample chamber 2 
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(5a), (6a) O3 concentration measured at the outlet of the dynamic plant chamber (ms,O3) vs. O3 concentration measured at the inlet of the dynamic plant 
chamber (ma,O3). Orange circles identify data pairs for significance of ΔmO3 = (ma,O3 - ms,O3). Orange line is calculated according to bi-variate weighted 
linear least-squares fitting regression analysis. (5b), (6b) O3 exchange flux density (Fex,O3) vs. O3 concentration measured at the outlet of the dynamic plant 
chamber (ms,O3). 
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Figure 43: O3 measurements, data class 5 and 6 of sample chamber 2 
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Figure 44: O3 measurements, data class 7 of sample chamber 2 
(7a) O3 concentration measured at the outlet of the dynamic plant chamber (ms,O3) vs. O3 concentration measured at the inlet of the dynamic plant 
chamber (ma,O3). Orange circles identify data pairs for significance of ΔmO3 = (ma,O3 - ms,O3). Orange line is calculated according to bi-variate weighted 
linear least-squares fitting regression analysis. (7b) O3 exchange flux density (Fex,O3) vs. O3 concentration measured at the outlet of the dynamic plant 
chamber (ms,O3). 
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Figure 45: Variation of O3 exchange flux density (Fex,O3) of sample chamber 1 for different leaf 
conductance classes (increasing values of leaf conductance from class 1 to 7). Red lines 
denote the median, the boxes the interquartile ranges (0.25 - 0.75), the black lines the minimum 
and maximum. 
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Figure 46: Variation of O3 exchange flux density (Fex,O3) of sample chamber 2 for different leaf 
conductance classes (increasing values of leaf conductance from class 1 to 7). Red lines 
denote the median, the boxes the interquartile ranges (0.25 - 0.75), the black lines the minimum 
and maximum. 
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ECHO project 

The analysis of the data measured at the ECHO project was performed with the 

same calculations and criterions as the analysis of the data measured at the EGER pro-

ject. Here, only exchange flux densities, deposition velocities and compensation point 

concentrations of NO2 were determined. The data were also controlled for the signifi-

cance criterion for ΔmNO2 = (ma,NO2  ms,NO2) and classified into the same seven classes 

of gH2O (see Sect. 4.1.2). Conditions of the classes are displayed in Table 23. 

 

Table 23: Conditions of the classes which were used for the classification of the measured data 
within the ECHO project. All displayed data are mean values. 

class  1 2 3 4 5 6 7 

gH2O cm s-1 
0.01  

- 
 0.025 

0.025  
- 

 0.06 

0.06  
-  

0.08 

0.08  
-  

0.1 

0.1  
-  

0.13 

0.13  
-  

0.16 

0.16  
-  

1.0 

PAR µmol m-2 s-1 48 110 236 449 397 553 398 

Tair °C 17.5 ±2.0 18.5 ±2.3 19.8 ±2.1 19.9 ±2.8 19.0 ±3.4 18.2 ±3.0 17.6 ±2.4

Fex,CO2 µmol m-2 s-1 
-0.06 
±0.78 

-1.30 
±1.09 

-2.62 
±1.18 

-3.71 
±1.07 

-3.81 
±1.45 

-4.49 
±1.52 

-4.80 
±1.48 

Fex,H2O mmol m-2 s-1 
0.03  

±0.02 
0.09  

±0.05 
0.18  

±0.08 
0.28  

±0.15 
0.30  

±0.14 
0.37  

±0.20 
0.42  

±0.18 

 

4.2.7 NO2 exchange flux densities 

During the ECHO measurements 636 data pairs of ma,NO2 and ms,NO2 have been ob-

tained under daytime conditions. After applying the significance criterion nearly 52 % 

of the NO2 data pairs remained. An additional screening for singular concentration 

peaks was not done.  

The results of the bi-variate weighted linear regression analysis for the classes are 

presented in Figure 47 to Figure 50. In panels 1a - 7a the bi-variate regression analysis 

between NO2 concentrations at the plant chamber’s inlet (ma,NO2) and outlet (ms,NO2) are 

shown, where ma,NO2 is represented by the concentration measured at the outlet of the 

empty reference chamber. Panels 1b - 7b represent Fex,NO2 versus ms,NO2. The blue line 

represents vdep,NO2. 
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In Table 24 the details of statistical evaluation are listed. The analysis resulted in 

R2(maNO2,ms,NO2) between 0.8970 and 0.9951 and vdep,NO2 between 0.60 and 2.71 mm s-1. 

In these results vdep,NO2 also increased with raising leaf conductance gH2O. The deter-

mined mcomp,NO2 always gave negative values. Even if the significance probability of 

mcomp,NO2 ≠ 0 is varied from 99.51 % (“significant”) to 99.99 % (“highly significant”) a 

negative NO2 compensation point concentration is unrealistic and physically meaning-

less, but nevertheless indicates the absence of a compensation point. 

Table 24: Parameters of bi-variate weighted linear least-squares fitting regression analysis for 
data classes 1 -7. Only significant data of ΔmNO2 = (ma,NO2  ms,NO2) were applied. 

statistical quantity unit  NO2  NO2 

N [1] 21 25 
R2(ma,i;ms,i) [1] 0.9574 0.9951 

n nmol m-3 -6.9 2.54 -4.0 1.39 

m [1] 0.78 0.007 0.54 0.007 

mcomp,i nmol m-3 -198.0 42.22 -85.8 13.42 

mcomp,i  0? % 99.99  (HS) 99.99  (HS) 

vdep,i mm s-1 

cl
as

s 
1 

0.60 0.026 
cl

as
s 

5 
1.81 0.047 

N [1] 38 15 
R2(ma,i;ms,i) [1] 0.9434 0.9857 

n nmol m-3 -0.4 2.46 -2.9 2.23 

m [1] 0.70 0.012 0.48 0.014 

mcomp,i nmol m-3 -107.3 27.47 -39.4 8.31

mcomp,i  0? % 99.99  (HS) 99.99  (HS) 

vdep,i mm s-1 

cl
as

s 
2 

0.88 0.049 

cl
as

s 
6 

2.18 0.126 

N [1] 35 12 
R2(ma,i;ms,i) [1] 0.8970 0.9803 

n nmol m-3 -0.9 2.92 6.0 2.13 

m [1] 0.61 0.012 0.43 0.026 

mcomp,i nmol m-3 -50.9 10.28 .3 5.19

mcomp,i  0? % 99.99  (HS) 99.51  (S) 

vdep,i mm s-1 

cl
as

s 
3 

1.37 0.068 

cl
as

s 
7 

2.71 0.285 

N [1] 33  
R2(ma,i;ms,i) [1] 0.9812 

 
 

n nmol m-3 -4.9 2.27  

m [1] 0.53 0.009 
 

 

mcomp,i nmol m-3 -89.8 22.86 

mcomp,i  0? % 99.99  (HS)  

vdep,i mm s-1 

cl
as

s 
4 

1.89 0.065 


 



 

(1a), (2a) NO2 concentration measured at the outlet of the dynamic plant chamber (ms,NO2) vs. NO2 concentration measured at the outlet of the reference 
dynamic plant chamber (ma,NO2). Blue circles identify data pairs for significance of ΔmNO2 = (ma,NO2 - ms,NO2). Blue line is calculated according to bi-variate 
weighted linear least-squares fitting regression analysis. (1b), (2b) NO2 exchange flux density (Fex,NO2) vs. NO2 concentration measured at the outlet of the 
dynamic plant chamber (ms,NO2). 
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Figure 47: NO2 ECHO field measurements, data class 1 and 2 
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(3a), (4a) NO2 concentration measured at the outlet of the dynamic plant chamber (ms,NO2) vs. NO2 concentration measured at the outlet of the reference 
dynamic plant chamber (ma,NO2). Blue circles identify data pairs for significance of ΔmNO2 = (ma,NO2 - ms,NO2). Blue line is calculated according to bi-variate 
weighted linear least-squares fitting regression analysis. (3b), (4b) NO2 exchange flux density (Fex,NO2) vs. NO2 concentration measured at the outlet of the 
dynamic plant chamber (ms,NO2). 

 
 
 

0

100

200

300

400

500

600

700

800

900
m

s,
N

O
2
 , 

 n
m

ol
 m

-3

0

5

10

15

20

m
s,

N
O

2 
, 

 p
p

b

ma,NO2 ,  ppb
0 5 10 15 20(3a)

1:1

 

0

100

200

300

400

500

600

700

800

900

0 100 200 300 400 500 600 700 800 900

ma,NO2 ,  nmol m-3

m
s,

N
O

2
 , 

 n
m

ol
 m

-3

0

5

10

15

20

m
s,

N
O

2 
, 

 p
p

b

0 5 10 15 20(4a)

1:1

 
 

Figure 48: NO2 ECHO field measurements, data class 3 and 4 

 
 
 

-1.0

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

F
ex

,N
O

2 
,  

nm
ol

 m
-2

s-1

ms,NO2 ,  ppb

0 5 10(3b)

 

-1.0

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0 50 100 150 200 250 300 350 400 450 500

ms,NO2 ,  nmol m-3
F

ex
,N

O
2 

,  
nm

ol
 m

-2
s-1

0 5 10(4b)

 
 

 

R
E

S
U

L
T

S
                                                                                                F

IE
L

D
 M

E
A

S
U

R
E

M
E

N
T

S
 |125



 

(5a), (6a) NO2 concentration measured at the outlet of the dynamic plant chamber (ms,NO2) vs. NO2 concentration measured at the outlet of the reference 
dynamic plant chamber (ma,NO2). Blue circles identify data pairs for significance of ΔmNO2 = (ma,NO2 - ms,NO2). Blue line is calculated according to bi-variate 
weighted linear least-squares fitting regression analysis. (5b), (6b) NO2 exchange flux density (Fex,NO2) vs. NO2 concentration measured at the outlet of the 
dynamic plant chamber (ms,NO2). 
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Figure 49: NO2 ECHO field measurements, data class 5 and 6 
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Figure 50: NO2 ECHO field measurements, data class 7 
(7a) NO2 concentration measured at the outlet of the dynamic plant chamber (ms,NO2) vs. NO2 concentration measured at the outlet of the dynamic plant 
reference chamber (ma,NO2). Blue circles identify data pairs for significance of ΔmNO2 = (ma,NO2 - ms,NO2). Blue line is calculated according to bi-variate 
weighted linear least-squares fitting regression analysis. (7b) NO2 exchange flux density (Fex,NO2) vs. NO2 concentration measured at the outlet of the 
dynamic plant chamber (ms,NO2). 
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The development of the NO2 exchange flux densities Fex,NO2 for the different classes 

of leaf conductance gH2O are displayed in Figure 51. Fex,NO2 increased with rising gH2O 

and the median reached a maximum value of -0.49 nmol m-2 s-1 at class 5 

(gH2O = 0.10 - 0.13). At class 6 and 7 Fex,NO2 declines and become lower than the values 

of class 1. 
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Figure 51: Variation of NO2 exchange flux density (Fex,NO2) of measurements within ECHO for 
different leaf conductance classes (increasing values of leaf conductance from class 1 to 7). 
Blue lines denote the median, the boxes the interquartile ranges (0.25 – 0.75), the black lines 
the minimum and maximum. 
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4.3 Discussion 

4.3.1 Effects on enclosed plants 

Application of a chamber system with enclosed plants or parts of plants requires a 

control of plant condition to be certain observations and data are transferable and not 

created under unnatural conditions. To achieve the dynamic chamber requirement that 

plant physiological processes are not affected by the chamber the chamber walls were 

made of transparent and almost chemically inert material. The reduction of photosyn-

thetic active radiation (PAR) by the chamber (~10 %) was not a crucial factor because 

the correlation between CO2 exchange and PAR intensity indicated that the system is 

light saturated around 500 µmol photons m-2 s-1 (PAR). The PAR transmittance and the 

high purging air flow rate afford that the physiological processes of the enclosed plant 

parts are working under natural conditions. 

It is important to make sure that the plant is not affected by the chamber, especially 

for long-term studies. Consequently, we controlled the status of the plants after field 

experiments. We could not identify visual differences between enclosed and not en-

closed plant material. Moreover, no variations in physiological performance were 

detectable. The photosynthetic capacities of enclosed and control needles were similar. 

The minor differences were still within a normal spread compared to literature values. 

The average maximum values for CO2 uptake of coniferous evergreen trees ranged from 

7 to 12 µmol m-2 s-1 (LARCHER 2003). In literature light compensation points were 

specified as 30 to 40 µmol photons m-2 s-1 and light saturation points are denoted as 800 

to 1000 µmol photons m-2 s-1 for sun shoots of coniferous trees under conditions of 

ambient CO2 and optimal temperature. For shade shoots of coniferous trees light satura-

tion points were declared between 150 and 200 µmol photons m-2 s-1 and light compen-

sation points between 2 and 10 µmol photons m-2 s-1 (LARCHER 2003). Our shoots are 

better classified rather as sun shoots, although because of their position at the bottom of 

the crown they conform also in some aspects to shade shoots. The value of our calcu-

lated light compensation point was between 40 to 70 µmol photons m-2 s-1 and our 

calculated light saturation point was between 500 and 1100 µmol photons m-2 s-1. Our 

values were higher than literature values but the differences were small between our 

enclosed and control needles. Hence, these differences were not a sign of a harmful 

effect of the chamber. 
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Furthermore, nutrient compositions of needles did not differ. Only for potassium and 

calcium were differences noticeable. The higher concentration of potassium was found 

for the young enclosed needles but the concentration was in a normal range, which is 

specified in literature to be between 5 and 70 mg g-1dw (FREY 1998). Potassium is 

needed during leaf development and it is responsible for the maintenance of the status 

of plasma swelling. A potassium deficit can be identified by tips of needles drying out 

and by premature shedding of needles (LARCHER 2003). Such symptoms were not ob-

served. Usual calcium content in plants was 0.4 to 13 mg g-1dw. Symptoms of 

deficiency would be drying of buds, young shoots dying off and chlorosis of the tips of 

fir trees followed by browning of needles (LARCHER 2003). It can be assumed that the 

difference between enclosed and controlled needles was not harmful.  

Our data sets give good reasons to assume that the enclosed branch behaved nor-

mally. Contrasting, in many chamber studies plant conditions were monitored only by 

measuring CO2 and H2O exchange of the plant and calculating leaf conductance (e.g., 

THOENE et al. 1996; SPARKS et al. 2001; GEßLER et al. 2002). These measurements 

allowed the actual plant conditions to be inferred but in contrast to our work no com-

parison of plants inside and outside the chamber was performed. 

 

4.3.2 NO2 exchange to leaves 

With increasing ambient NO2 concentrations an increase of NO2 exchange flux den-

sities could be observed. This agrees with previous studies (RONDÓN et al. 1993; 

THOENE et al. 1991; WEBER and RENNENBERG 1996; GEßLER et al. 2002) and with the 

assumption that NO2 exchange is driven by the NO2 concentration difference between 

atmosphere and the gaseous phase of the leaf interior.  

Emission fluxes of NO2 have been measured by several studies. TEKLEMARIAM and 

SPARKS (2006) reported emissions from four species (wheat, corn, sunflower, Madagas-

car periwinkle) between 36.8 and 101.0 pmol m-2 s-1. SPARKS et al. (2001) observed 

NO2 emissions up to 50 pmol m-2 s-1 from several tropical trees and HEREID and 

MONSON (2001) from field-grown corn. NO2 emissions from spruce needles were re-

ported by RONDÓN at al. (1993) and GEßLER et al. (2002). In the present study the leaf 

emission of NO2 from spruces varied between 0.07 and 58 pmol m-2 s-1 measured at 
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averaged ambient NO2 concentration of 67.3 nmol m-3 (1.5 ppb). For oak no emission 

fluxes have been observed for ambient NO2 concentrations as low as 0.5 ppb, which is 

in close accordance with CHAPARRO-SUAREZ et al. (2011) who found no emission from 

four deciduous trees and a pine species as well.  

Our measured deposition fluxes of NO2 for spruce were on average two or three 

times higher than the detected emission fluxes. The NO2 deposition fluxes varied 

between -0.078 and -0.018 nmol m-2 s-1. NO2 deposition fluxes reported by THOENE et 

al. (1996) were in a range between -1.88 and -0.03 nmol m-2 s-1 and SPARKS et al. 

(2001) detected uptake rates on average between -1.55 and -0.15 nmol m-2 s-1 for 

several tropical trees. Thus, NO2 fluxes of these studies were clearly higher than our 

measured NO2 fluxes. For both studies analyzers with NO2 converters with known 

interferences due to other oxidized nitrogen compounds were used (see Sect. 2.2). The 

comparison to the results of these studies could indicate that our performed measuring 

system, using a blue light converter, is more specific for NO2 measurements. Similar 

deposition fluxes up to -0.3 nmol m-2 s-1 (at 5 ppb) were reported by CHAPARRO-

SUAREZ et al. (2011) using a very similar instrumentation. However, GEßLER et al. 

(2002) using a photolytic converter reported NO2 deposition fluxes at a range between 

-0.12 and -0.02 nmol m-2 s-1, which are obviously like our measured ranges.  

Exchange rates of NO2 depend not only on atmospheric NO2 concentration but also 

on stomatal conductance (NEUBERT et al. 1993; HEREID and MONSON 2001; SPARKS et 

al. 2001; CHAPARRO-SUAREZ et al. 2011). SPARKS et al. (2001) observed for tropical 

tree species a kind of saturation for NO2 uptake at higher stomatal conductance. Such 

observations have not been found in the present study for spruce. However, for oak a 

decline of the NO2 exchange flux density, though not a saturation, was recognizable at 

higher leaf conductance. The NO2 uptake may be additionally limited by internal resis-

tances (mesophyllic), as reported by several authors (THOENE et al. 1991, 1996; SPARKS 

et al. 2001). This circumstance is reflected in a smaller measured leaf conductance to 

NO2 (gNO2,m) than the predicted NO2 leaf conductance (gNO2,p), which is calculated from 

leaf conductance to water vapor (see Eq. (28)). The measured leaf conductance gNO2,m 

was calculated from quotient of Fex,NO2 and the NO2 concentration at the outlet of the 

sample chamber. For oak we found higher measured NO2 leaf conductance than the pre-

dicted conductance. Similar results were found by GEßLER et al. (2002) for spruce. They 

assumed that the reaction of ascorbate with NO2 is responsible for maintaining high 
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fluxes of NO2 into the leaf and preventing high internal resistances. HANSON et al. 

(1993) found for broadleaf and conifer species an underestimation of measured leaf 

conductance by the predicted conductance of between 15 and 30 % as well. Our results 

for spruce looked different. The measured and predicted NO2 leaf conductances are 

listed in Table 25. At higher leaf conductance classes the measured NO2 conductance 

was lower than the predicted, however, at the low leaf conductance classes the results 

were reversed. A common trend for spruce and oak is the decrease in the difference of 

measured and predicted NO2 leaf conductance, while initial values are different. Only 

for spruce predicted NO2 leaf conductances exceed measured leaf conductances with 

higher class.  

 

Table 25: Measured and predicted leaf conductance to NO2 deposition. Measured leaf conduc-
tance (gNO2,m) was calculated from quotient of Fex,NO2 and NO2 concentration at the outlet of the 
sample chamber, predicted leaf conductance (gNO2,p) was calculated from gH2O according to 
Eq. (28). 

  Spruce   Spruce   Oak  

 chamber 1 chamber 2    

class 
gNO2,m 

mm s-1 
gNO2,p 

mm s-1 
difference 

% 
gNO2,m 

mm s-1 
gNO2,p 

mm s-1 
difference

% 
gNO2,m 

mm s-1 
gNO2,p 

mm s-1 
difference

% 

1 0.054 0.038 +41.5 0.128 0.062 +108.5 0.746 0.109 +582.2 

2 0.053 0.096 -45.3 0.150 0.096 +55.5 0.881 0.273 +222.2 

3 0.102 0.156 -34.4 0.163 0.157 +3.8 1.053 0.429 +145.4 

4 0.136 0.204 -33.3 0.178 0.204 -12.8 1.257 0.558 +25.4 

5 0.143 0.256 -44.0 0.206 0.256 -19.3 1.335 0.694 +92.3 

6 0.144 0.326 -55.9 0.250 0.323 -22.7 1.369 0.876 +56.3 

7 0.269 0.630 -57.3 0.301 0.0835 -64.0 1.416 1.409 +0.5 

 

It seems that at higher leaf conductance the internal resistance becomes more im-

portant for the limitation of the NO2 uptake particularly for spruce. However, we should 

keep in mind that for dynamic chamber measurements at high leaf conductance, which 

is equivalent to a low resistance for gas exchange, the impact of the chamber resistances 

could become a significant factor because the values of the low plant resistances and the 

chamber resistances can be in the same order of magnitude. In this case both resistances 
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add a similar rate to the total resistance and cannot be neglected anymore. The deposi-

tion of NO2 inside the chamber is then not only limited by stomatal and mesophyllic 

resistance. Using predicted NO2 leaf conductance calculated from known leaf conduc-

tance to water vapor to model NO2 exchange fluxes would lead to under- or overesti-

mations of the NO2 fluxes. 

 

It was particularly noticeable that at the EGER field site spruces showed a 

temperature dependence of stomatal conductance and consequently of gas exchange, 

because stomata close at high leaf temperatures to avoid drought. Hence, very low NO2 

(NO, O3) exchange flux densities were detected during daytime if leaf temperature 

exceeded 23 °C. This plant behavior illustrates the need for following and measuring 

the plant-physiological processes like photosynthesis (CO2 surface exchange flux) and 

transpiration (H2O surface exchange flux) and the need to related them to the NO2 (NO, 

O3) surface exchange. Moreover, it is beneficial to know the plant’s optimal conditions 

in order to interpret the NO2 (NO, O3) exchange measurements without ignorance of the 

plant’s characteristics (e.g. temperature effects on stomatal closure at high temperatures 

would lead to underestimation of NO2 (NO, O3) exchange behavior if generalized to 

normal plant behavior). 

 

4.3.3 Deposition velocities of NO2 and O3 

The measurements on spruce branches were made for two different trees at the same 

time. Between both enclosed branches no differences in the deposition velocity of NO2 

and O3 were observed. 

Until now, reported vdep,NO2 values were not differentiated into variable classes of 

leaf conductance. The measured vdep,NO2 values between 0.07 and 0.42 mm s-1 for spruce 

were of the same order of magnitude as values described by GEßLER et al. (2002) for 

field measurements under controlled conditions. GEßLER et al. (2002) described NO2 

deposition velocities for spruces of 0.09 mm s-1, which is in the range of our minimal 

measured value. In contrast THOENE et al. (1991, 1996) described values of 

0.4 - 0.9 mm s-1 for laboratory measurements. However, RONDÓN et al. (1993) specified 

values of 1.8 to 2.1 mm s-1, which were five times higher than our maximal measured 
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value. Interestingly, the determined vdep,NO2 for oak under field conditions were clearly 

higher than for spruce but in the same range as reported by CHAPARRO-SUAREZ et al. 

(2011) for oak. 

The differences in vdep,NO2 between our measured values and previous studies may 

have been caused by unspecific NO2 analyzers or by neglecting the photolysis of NO2 

for the determination of these previously reported vdep,NO2. As mentioned in Sect. 3.3.2.3 

we estimated how much the gas-phase reactions will affect vdep,NO2 under the reported 

experimental conditions. For the reported values of RONDÓN et al. (1993) a highest 

expected error of 20 % were calculated according to Eq. (23.1), but the corrected 

vdep,NO2 would be still above our measured values. The values of THOENE et al. (1991, 

1996) would be in our range if the estimated error would be taken into account. Another 

reason for different vdep,NO2 measured on leaf level can be different ages of the enclosed 

leafs or needles. GRENNFELT et al. (1983) reported of higher vdep,NO2 for 1-year-old 

needles compared to current year needles. Unfortunately, studies about different per-

formance of gas exchange depending on the needle ages are very seldom.  

The classification into different leaf conductance classes resulted in increasing 

vdep,NO2 values with rising leaf conductance. Consequently vdep,NO2 is positively corre-

lated to the leaf conductance. This finding agrees with a number of previous studies 

(NEUBERT et al. 1993; HEREID and MONSON 2001; SPARKS et al. 2001; GEßLER et al. 

2002; CHAPARRO-SUAREZ et al. 2011). 

The O3 deposition velocities vdep,O3 measured for spruce were between 0.06 and 

0.38 mm s-1 depending on the leaf conductance class. These values are in the same 

magnitude as the deposition velocities determined for NO2. However, RONDÓN et al. 

(1993) reported about vdep,O3 which were an order of magnitude higher than vdep,NO2.  

Most of the reported deposition velocities (NO2 and O3) are based on canopy depo-

sition velocity measurements for both foliar and non-foliar sites using eddy correlation 

technique. Consequently the gas exchange of the soil, reactions with surfaces and reac-

tions with radicals, for example VOCs emitted from plants, are taken into account. For a 

deciduous forest vdep,O3 of 10 mm s-1 in the summer and 3 mm s-1 in the winter are re-

ported from PADRO (1991). He also mentioned the values of vdep,O3 over a vineyard, a 

cotton field and a senescent grass field the values are 5, 8 and 2 mm s-1, respectively 

(PADRO 1996). For a spruce forest values of 7 mm s-1 for vdep,O3 were determined by 
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PILEGAARD et al. (1995), and the results of a study at a fruit orchard (several varieties of 

apple) resulted in vdep,O3 values of 3 to 5 mm s-1 (WALTON et al. 1997). For NO2 deposi-

tion velocities less values are reported at publications than for O3. For wheat fields 

values of 0.35 mm s-1 are reported by PILEGAARD et al. (1998) and for the fruit orchard 

2 to 6 mm s-1 by WALTON et al. (1997). Monthly means (Jan to Oct) of vdep,NO2 for an 

oak forest were between 0.2 and 6.4 mm s-1 (PUXBAUM and GREGORI 1998) and for a 

deciduous forest vdep,NO2 values of 2 mm s-1 were reported by HORII et al. (2004). To 

compare rudimentary deposition velocities determined from canopy or leaf-level meas-

urements the values of the deposition velocity per projected needle area can be 

converted by multiplying the measured deposition velocity by the leaf area index (LAI). 

Additionally the existence of a NO2 compensation point concentration can be consid-

ered by a correction of the NO2 deposition velocity. According to RONDÓN et al. (1993) 

this correction can be calculated as vdepNO2
LAI,cor = vdepNO2

LAI · (1 − mcomp,NO2/ms,NO2), 

where mcomp,NO2 is the NO2 compensation point concentration and ms,NO2 is the mean 

NO2 concentration during the period. Table 26 presents the NO2 and O3 deposition 

velocities, corrected and not corrected, to the canopy for the different classes of leaf 

conductance and species. 

 

Table 26: Averages of NO2 and O3 deposition velocities (vdep,i
LAI

 in mm s-1) per ground area 
(LAI) and vdep,NO2

LAI
 corrected (vdep,NO2

LAI,cor
 in mm s-1) for NO2 compensation point concentration 

when existent. LAI of Spruce forest (EGER) = 5.2, LAI of Oak forest (ECHO) = 4.7. 

 Spruce   Spruce   Oak 

 chamber 1  chamber 2    

class vdep,NO2
LAI vdep,NO2

LAI,cor vdep,O3
LAI  vdep,NO2

LAI vdep,NO2
LAI,cor vdep,O3

LAI   vdep,NO2
LAI

1 0.37 0.30 0.35  n.a. no mcomp,NO2 0.29   2.84 

2 0.46 0.34 0.62  0.71 no mcomp,NO2 0.58   4.16 

3 0.68 0.56 0.94  0.74 no mcomp,NO2 0.88   6.43 

4 0.56 0.73 1.14  1.30 1.04 1.12   8.90 

5 1.28 0.91 1.40  1.50 1.21 1.36   8.48 

6 1.58 0.99 1.67  1.00 no mcomp,NO2 1.46   10.24 

7 1.82 1.75 2.00  2.20 1.96 1.65   12.73 
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The converted NO2 deposition velocity for the oak stand resulted in values between 

2.8 and 17.7 mm s-1 and an average of 7.7 mm s-1. This averaged vdep,NO2
LAI is in a good 

agreement with the values reported by PUXBAUM and GREGORI (1998) who found 

monthly averaged NO2 deposition velocities of 6.4 mm s-1 at the month July for an Oak 

forest. 

For the spruce stand vdep,NO2
LAI values were corrected for the NO2 compensation 

point concentration when a compensation point was determined (see Sect. 4.2.5). The 

average value of vdep,NO2
LAI,cor was 0.98 mm s-1, which is one order of magnitude lower 

than the reported averaged and corrected NO2 deposition velocity per ground area for a 

spruce stand by RONDÓN et al. (1993). The determination of vdep,O3
LAI resulted in an 

average value of 1.10 mm s-1, which come up to seventh part of the O3 deposition 

velocity reported by PILEGAARD et al. (1995) for a Spruce forest.  

It should be mentioned that, at least for spruce, the measurements were made at 

branches in the middle of the canopy. The radiation intensity and thus the stomatal con-

ductance probably differs upwards to the top of canopy and downwards to the ground of 

forest. Accordingly, values of deposition velocities can differ over the whole tree stand. 

Therefore RONDÓN et al. (1993) considered their converted deposition velocities to be 

upper limits as they measured at the tree top. 

 

4.3.4 Compensation point concentration 

In literature a wide range of NO2 compensation point concentrations (mcomp,NO2) 

were reported between 0.1 and 3 ppb (see Table 3). In this study the range of highly 

significant mcomp,NO2 determined for spruce needles under field conditions was between 

7.4 ±6.40 and 29.0 ±16.30 nmol m-3 (0.17 - 0.65 ppb). The bi-variate weighted linear 

least-square fitting regression analysis of the laboratory measurements resulted in 

mcomp,NO2 = 5.9 ±9.13 nmol m-3 (0.13 ppb) and the significance probability for the exis-

tence of mcomp,NO2 was 96.6 % (“likely”) (see Sect. 3.2.4.1). The analysis of the data for 

oak resulted in negative NO2 compensation point concentrations, which are unrealistic. 

Both results, measured under field and laboratory conditions, challenge the existence of 

a NO2 compensation point concentration for spruce as well for oak. However, if a 

compensation point for NO2 uptake exists the concentration will be less than 1 ppb. 
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These considerations are in close accordance with laboratory experiments as performed 

by CHAPARRO-SUAREZ et al. (2011) who also question the existence of a compensation 

point. 

For coniferous trees NO2 compensation point concentrations between 

0.1 and 0.7 ppb were reported by RONDÓN et al. (1993) and RONDÓN and GRANAT 

(1994). These values are comparable to the values determined in this study. However, 

THOENE et al. (1996) determined mcomp,NO2 of 1.64 ppb for spruce and GEßLER et al. 

(2002) values of 1.7 ppb. Such large values (above 1 ppb) would imply an almost con-

stant NO2 emission from the forest at regions with small ambient NO2 concentrations, 

which is not reported so far. These differences in the estimation of an exact compensa-

tion point concentration had led to some discussion (LERDAU et al. 2000). The discrep-

ancy between the values determined in this study and those high values reported by pre-

vious studies (THOENE at al. 1996; GEßLER et al. 2002) may be explained by using 

different measurement techniques to detect NO2 concentrations. As mentioned above 

(also see Sect. 2.2) most of the commonly used converters for the conversion of NO2 to 

NO are not highly specific for NO2. Converters, which consist of molybdenum, iron 

sulfate or predicted on liquid phase reaction (luminol), show interferences with other 

compounds as nitrous acid (HNO2), nitric acid (HNO3), peroxyacetyl nitrate (PAN) and 

other organic nitrates, therefore NO2 concentrations will be overestimated. The highly 

NO2 specific blue light converter performed in this study should minimize these source 

of error. Another reason for different estimations of compensation point concentrations 

can be the application of different measurement setups and data analysis. For the most 

results of other authors it is not clear if photochemistry of the NO-NO2-O3 triad was 

taken into account or if an experimental setup was used which excluded reactions of 

NO2 photochemistry. The results of this study account for those potential sources of 

error. For the laboratory measurements a chamber design and an experimental setup 

were used which excluded photochemistry. During field measurements chemical reac-

tions of the NO-NO2-O3 triad were part of the natural conditions, therefore the 

measured values were corrected. The impact of gas-phase reactions on compensation 

point concentrations is less than on deposition velocity. The overestimation of NO2 

compensation point concentration would be between 3 and 17 % for the values reported 

by THOENE et al. (1996) and GEßLER et al. (2002) (see Sect. 3.3.2.3). However, this 

would not suffice to explain the high values of NO2 compensation point concentration. 
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Furthermore, the determination of deposition velocity and compensation point concen-

tration by applying simple linear regression (no errors considered at all) or bi-variate 

weighted linear regression (y- and x-errors considered) could be another reason for the 

discrepancy. In most of the previous studies simple linear regression between exchange 

flux density Fex,i and the trace gas concentration at the outlet of the sample chamber ms,i 

were applied (RONDÓN et al. 1993; RONDÓN and GRANAT 1994; THOENE et al. 1996; 

SPARKS et al. 2001; HEREID and MONSON 2001) only GEßLER et al. (2000, 2002) ap-

plied a bi-variate algorithm. 

Moreover, the observed difference between laboratory and field measurements and 

between the reported values from literature could have resulted from different plant 

materials used or different habitat conditions. Previous studies suggest that mesophyllic 

characteristics like leaf ascorbate concentration may influence NO2 exchange rates 

(RAMGE et al. 1993; TEKLEMARIAM and SPARKS 2006). The apoplastic ascorbate con-

centration varies with species, environmental conditions (POLLE et al. 1995; SCHWANZ 

et al. 1996) and stage of development (LUWE 1996). The differences may be due to dif-

ferent ascorbate concentrations. Another reason could be a different colonization of the 

trees by chemolithoautotrophic nitrifying bacteria. It is known that these bacteria colo-

nize the phyllosphere of trees. HEUSER and ZIMMER (2003) demonstrated autotrophic 

nitrite oxidizers on leaf surface of English oak (Quercus robur L.) and PAPEN et al. 

(2002) detected them at spruce needles. TEUBER (2003) was able to verify nitrifying 

bacteria living inside the apoplast of spruce needles. These organisms are able to 

metabolize NH4
+ and NO2

- which is formed when NO2 dissolved in water. It is to be as-

sumed that NO2 uptake and compensation point concentration will be differing if plants 

are colonized by nitrifiers or not. From previous studies (PAPEN et al. 2002) it is known 

that NH3 deposition fluxes significantly increased as consequence of metabolic activity 

of nitrifying bacteria. Possibly, this observation is also valid for NO2. 
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Conclusions	and	
Perspectives	

In this study a dynamic chamber system for surface exchange flux measurements of 

reactive and non-reactive trace gases on plants under field and laboratory conditions 

was presented. I would like to conclude the findings as follows: 

1. One of the most important characteristics of the dynamic chamber system is the 

minimal disturbance of plant physiology and growth. Changes in concentrations 

of relevant trace gases should be small in order to be comparable to the outer 

environment. Furthermore, small changes prevent enclosure induced artifacts on 

plant metabolism and stomata regulation. Reliable investigations should not only 

focus on a few interesting trace gases but always include CO2 and water vapor 

exchange because of plant physiological feedback regulations. 

2. According to the “blank” measurements, the wall material of our plant chamber 

can be considered as chemically inert. I like to emphasize, that mass fluxes to 

the walls of the chamber can basically not be neglected and must be considered 

in the mass flux balance of the dynamic plant chamber, if there are any appre-

ciable effects of ad- or desorption. 

3. The performance of the dynamic chamber system must be controlled and, if 

necessary, suitable parameterized correction algorithms have to be applied to 

maintain/improve the precision of NO2 concentration and exchange flux density 

measurements. The sensitivity of the NO/NO2 analyzer to changes of ambient 

temperature is one of these parameters. Our analyzer drifted 0.07 ppb/K (NO) 

and 0.08 ppb/K (NO2). The precision of the NO2 exchange flux densities is 

almost entirely determined by the precision of the NO2 concentration measure-

ments, which in turn depends on the sensitivity (limit of detection) of the NO2 

analyzer. Considering best performance of our system, a flux density precision 
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of  10 % can be reached, as long as NO2 concentrations in the plant chamber 

differ by 0.1 ppb from the expected NO2 compensation point concentration. 

4. Determination of NO2 concentrations at sub-ppb level and of NO2 exchange flux 

densities at the thousandths (hundredths) of nmol m-2 s-1 level definitely require 

(a) a NO2 specific converter (photolytic converter) and (b) a highly sensitive 

NO/NO2 analyzer (lower detection limit (3) of at least 13 nmol m-3 (0.3 ppb), 

better 4.5 nmol m-3 (0.1 ppb)). 

5. The significance of concentration differences Δmi (between trace gas concentra-

tions measured at the inlet and the outlet of the dynamic chamber) is the 

fundamental quality criterion for the determination of high quality exchange flux 

densities and deposition velocities, but particularly for the detection of (highly) 

significant compensation point concentrations. Especially under field measure-

ments, the percentage of non-significant Δmi can be rather high due to the 

temporal variation of ambient concentrations during the measurement interval. 

6. Laboratory measurements for the identification of NO2 compensation point 

concentrations under controlled conditions require low, reproducible and 

verifiable NO2 concentration for NO2 fumigation experiments. The precision of 

corresponding NO2 concentration measurements is not only limited by the noise 

of the NO/NO2 analyzer, but also by the noise of the NO2 blending procedure. 

Application of future NO/NO2 analyzers (lower detection limit 

(3) < 2.2 nmol m-3 (< 0.05 ppb) will be useless, unless the uncertainty of the 

NO2 blending for fumigation experiments will be improved significantly. 

7. Photo-chemical reactions in the dynamic plant chamber’s volume must be con-

sidered (or be excluded by corresponding set-ups). Otherwise, particularly the 

exchange of the NO-NO2-O3 triad with the plants could be seriously over- or 

underestimated. This is particularly important for the determination of the NO2 

deposition velocity. Under our experimental conditions in the field, the overes-

timation of the NO2 deposition velocity had reached about 80 % if photolysis of 

NO2 has been neglected. Excluding the chemical reaction of NO with O3 by 

corresponding experimental design (e.g. using NO and O3 free purging air), 

effects of NO2 photolysis would still be present, as long as there is appreciable 

illumination of the plants. This can hardly be avoided because for plant 
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physiological studies photosynthetically active radiation is essential. The only 

way out would be to use a chamber wall material where the transmissivity for 

PAR is high and in the wavelength range of j(NO2) negligible. For laboratory 

studies, the application of light-emitting diodes which do not emit in the 

wavelength range of j(NO2) seems to be very promising. 

8. Using an empty (“reference”) chamber for considering (compensating) photo-

chemical reactions would imply that NO2-photolysis, as well as the concentra-

tions of NO2, NO and O3 in the empty and in the plant chambers are identical; 

however, this is definitely not the case.  

9. For mathematical correctness, deposition velocities and compensation point 

concentrations should be derived from linear relationships between the 

originally measured quantities, namely the NO, NO2 and O3 concentrations at 

the inlet and the outlet of the dynamic chamber. A straight-forward and thorough 

statistical treatment of measured data will result in high-quality and reliable data 

of exchange flux densities, deposition velocities and compensation point 

concentrations, if solid characterization and quantification of trace gas con-

centration errors as well as errors of all other quantities (necessary for 

calculation of the exchange flux densities) is achieved and general Gaussian 

error propagation as well as bi-variate weighted linear least-squares fitting 

regression analysis is applied.  

10. It is recommended, that results from previous studies on NO2 exchange flux 

densities, NO2 deposition velocities and NO2 compensation point concentrations 

which have been obtained by dynamic plant chambers should be handled with 

care owing to neglecting (at least) the effects of NO2 photolysis in the plant 

chamber’s volume and insufficient characterization of the specificity and 

precision of the NO2 analyzers. A re-evaluation would be helpful. 

11. The control of plant conditions and the plant nutrient composition after field 

measurements indicated that the enclosed branches were not harmed by the 

dynamic plant chambers and behaved normally still after six weeks of enclosure. 
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12. The plant’s optimal conditions have to be known to avoid errors in analyzing of 

the NO2 (NO, O3) exchange measurements. Ignoring temperature effects on 

stomatal closure, plant gas exchange intensity would be misjudge if interpreting 

these fluxes as plant behavior without limitation. An underestimation would 

occur if gas exchange is only measured at high temperatures or an 

overestimation happens if measuring is performed only at low temperatures.  

13. Exchange rates of NO2 increased with raising NO2 ambient concentrations and 

depend also on stomatal conductance. With raising leaf conductance for water 

vapor the NO2 uptake increased linearly in case of spruce, whereas oak leaves 

exhibited a considerable decrease of NO2 deposition at high leaf conductances at 

observed NO2 ambient mixing ratios. Exchange rates of O3 for spruce were non-

linearly related to stomatal conductance and saturated at high leaf conductances. 

14. The uptake of NO2 is also limited by internal resistances. For spruce our results 

let us assume that the internal resistances add a small percentage to the total 

resistance of leaf gas exchange at low leaf conductance but increase at higher 

conductances. For oak the internal resistance seems to play a minor role. But for 

dynamic chamber measurements the chamber resistances may not be neglected 

if plant resistances and chamber resistances are in the same order of magnitude. 

NO2 fluxes modeled by predicted NO2 leaf conductances, which were calculated 

from known leaf conductances to water vapor, resulted in over- or 

underestimations of NO2 fluxes. 

15. Determination of deposition velocity and compensation point concentration 

requires a classification of the data, for example by leaf conductance. This is the 

only way to ensure comparable plant conditions and to assure reliable 

interpretation. 

16. NO2 deposition velocities (vdep,NO2) are positively correlated to leaf conductance. 

For spruce vdep,NO2 ranged between 0.07 and 0.42 mm s-1 and for oak between 

0.06 and 2.71 mm s-1. NO2 deposition velocities of spruce are within the lowest 

reported range of other reported data. NO2 and O3 deposition velocities 

determined for spruce were of the same magnitude.  
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17. Estimates of NO2 deposition velocity per ground area (on a LAI basis) amounted 

to 7.7 mm s-1 for oak and to 0.98 mm s-1 for the spruce stand. Oak data were in a 

good agreement with reported values, whereas the estimates in case of spruce 

were lower than reported. 

18. Highly significant NO2 compensation point concentration (mcomp,NO2) determined 

for spruce needles under field conditions ranged between 7.4 ±6.40 and 

29.0 ±16.30 nmol m-3 (0.17 - 0.65 ppb). Laboratory measurements resulted in 

mcomp,NO2 = 5.9 ±9.13 nmol m-3 (0.13 ppb) with a significance probability for the 

existence of mcomp,NO2 of 96.6 % (“likely”). For oak no mcomp,NO2 was found. The 

results for spruce under field and laboratory conditions challenge the existence 

of a NO2 compensation point concentration. There is increasing indication that 

forests are mainly a sink for NO2 and potential NO2 emissions are low. Only 

when assuming high NO soil emissions, more NO2 can be formed by reaction 

with O3 than plants are able to take up. Under these circumstances forests can be 

a source for NO2. 

19. The constant lower values of NO2 gas exchange flux densities, NO2 deposition 

velocities and NO2 compensation point concentrations in comparison to most 

previous studies probably based up on usage of more specific NO2 analyzer with 

a blue light converter. 

 

This study demonstrated, that the determination of significant NO2 exchange fluxes, 

deposition velocities and compensation point concentrations highly depend on the 

resolution of the NO2 concentration differences measured at the inlet and outlet of the 

dynamic chamber. For further research the precision of the NO2 concentration 

measurements could be enhanced by using NO2 analyzers with an improved detection 

limit, maybe to be better than 10 nmol m-3 (0.25 ppb). Measurements under laboratory 

conditions at very low NO2 concentrations only take advantage of an improved NO2 

analyzer if the blending procedure is improved too. Otherwise the fluctuations due to 

the blending procedure will affect the precision of the NO2 concentration 

measurements. 

The field experiment presented in this study illustrated the problems of instationarity 

of trace gas concentrations during non-simultaneous concentration measurements. 
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Stationarity can only be achieved if trace gas concentration is constant during measur-

ing period without concentration peaks. To approach this problem another independent 

measuring system can be used to determine the ambient trace gas concentration 

constantly. However, according to the available technique the use of one single 

instrument is preferable to guarantee precise simultaneous concentration measurements 

at the inlet and outlet of the dynamic chamber. Operation of two trace gas analyzers 

with an absolute accuracy and precision much better than the expected difference 

between inlet and outlet concentration is currently not available. Another option would 

be a two channel analyzer, which could measure directly the concentration difference 

between the inlet and outlet of the dynamic chamber. A different option would be the 

reduction of the switching time between measurements of chamber inlet and outlet. 

However, as a consequence tubing lengths would have to be reduced, which is hard to 

handle for field measurements, especially when analyzers are affected by temperature 

fluctuations and therefore should be operated under constant temperature conditions. 

A main conclusion of this study is that photo-chemical reactions in the dynamic 

plant chamber’s volume must be considered. So all reactions inside the chamber have to 

be known for an accurate chemical correction. For detailed understanding it would be 

necessary to verify if the reactions of the NO-NO2-O3 triad cover the main production 

and destruction processes inside the chambers. Additional processes include reactions of 

the reactive trace gases with plant surfaces and water films on the surface and reactions 

with volatile organic compounds (VOC’s) emitted by the plant itself. In this context 

another interesting point is the formation of nitrous acid (HONO) by disproportionation 

of NO2 and the rapidly decomposing of HONO into NO. This reaction would provide a 

NO source inside the chamber. This possibility is indicated by changing signs of NO 

fluxes from negative to positive (equivalent to emission) just by chemical gas phase 

correction. 

This study exhibits some interesting findings about the specific gas exchange be-

havior of spruce and oak. Issues like different leaf types (sun and shade leaves), plant 

and leaf age or the impact of stem and bark deserve closer attention. For further investi-

gations another question will be if NO2 exchange behavior would change if the nitrogen 

supply via soil changes. A higher nitrogen fertilization of soil could cause a lower nitro-

gen uptake by leaves and vise versa.  
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On the other hand the bottom up way of analysis of the nitrogen metabolism raises 

the question of nitrogen uptake limitation. One reason maybe changes in plant metabo-

lism affecting nitrate reductase activity or apoplastic ascorbate concentration. Further 

investigations of this issue is needed especially for forest forming species like spruce, 

beech and oak as well as plants at the subcanopy level. 

More process related gas exchange measurements at leaf level are required to 

compare results with flux measurements above canopy performed as eddy covariance 

measurements. This could help to discover misunderstandings in the biosphere-

atmosphere exchange model of the ecosystem forest. A further method linking leaf and 

canopy level can be the use of open-top chambers. This method is well known for 

exposing plant mesocosms to elevated CO2 and could be used as well for NO2 

fumigation of a whole plant. 
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