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Abstract 

The roles of nitric oxide (NO) and nitrogen dioxide (NO2) are strongly coupled with the 

cleansing capacity of the atmosphere by controlling the photochemical production of ozone 

(O3) and affecting the abundance of the hydroxyl (OH) radical and nitrate radical (NO3). 

During daytime, when conditions of sufficient radiation and O3 prevail, NO and NO2 are in a 

fast photochemical equilibrium, often labelled as being in a ‘photostationary state’. Therefore 

the sum of NO and NO2 is referred to as NOx. The photostationary state of NOx has been 

previously studied at various locations ranging from cities (highly polluted) to remote regions 

(less polluted). The photochemical cycling between NO and NO2 is understood reasonably 

well under high NOx conditions (typically in urban areas). In contrast, significant gaps in 

understanding the cycling between NO and NO2 have been revealed in semi-rural to remote 

regions under low NOx conditions. These gaps could be related to potential interferences in 

NO2 measurements, especially in case of indirect methods that might suffer from artefacts. If 

NO2 interferences can be excluded, it is often concluded that these gaps are related to the 

presence of an ‘unknown oxidant’ converting NO to NO2, especially at very low NOx 

concentrations. In this study, the photostationary state of NOx is analysed to evaluate whether 

unknown processes are present.  

 A newly developed gas analyser (GANDALF) based on laser induced fluorescence 

(LIF) for measuring NO2 directly was deployed for the first time during the 2011 PARADE 

field study. PARADE took place in a semi-rural area of central Germany in summer 2011. 

Comprehensive measurements of NO2 using different techniques (DOAS, CRD, and CLD) 

facilitated a detailed and successful comparison of GANDALF with other NO2 measurement 

techniques. In order to analyse the photostationary state of NOx based on the NO2 

measurements by GANDALF in this environment, measurements of different relevant trace 

gas species and meteorological parameters have been carried out. Moderate NOx levels 102 to 

104 parts per trillion were observed during PARADE at the location, while biogenic volatile 

organic compounds (BVOCs) from surrounding forest, mainly coniferous trees, were of the 

order of 102 parts per trillion.  

 The characteristics of the NOx photostationary state have been studied under low NOx 

conditions (101 to 103 parts per trillion) for a different location in a boreal forest region 

during HUMPPA-COPEC-2010. The field study HUMPPA-COPEC was conducted at the 

‘SMEAR II’ field station in Hyytiälä in southern Finland in summer 2010.  
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 The characteristics of the photostationary state of NOx are compared in this study for 

the two environments. Furthermore, the comprehensive data set including measurements of 

trace gases relevant for the radical chemistry [OH and hydroperoxy (HO2) radicals], as well 

as measurements of the total OH reactivity, provide the opportunity to test and improve our 

current understanding of NOx-related photochemistry using a box model constrained to 

observations.  

 Although NOx levels in HUMPPA-COPEC are lower compared to PARADE, while 

the BVOCs levels, are higher, the cycling process from NO to NO2 is understood reasonably 

well in both cases. The analysis of photostationary state reveals that potential unknown 

processes are not present at either of the largely different locations. The current 

representation of NOx chemistry mechanisms is simulated for HUMPPA-COPEC by using 

the MIM3* mechanism and found to be consistent with results obtained from the 

photostationary state of NOx. 
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Zusammenfassung  

Für das Vermögen der Atmosphäre sich selbst zu reinigen spielen Stickstoffmonoxid (NO) 

und Stickstoffdioxid (NO2) eine bedeutende Rolle. Diese Spurengase bestimmen die 

photochemische Produktion von Ozon (O3) und beeinflussen das Vorkommen von Hydroxyl- 

(OH) und Nitrat-Radikalen (NO3). Wenn tagsüber ausreichend Solarstrahlung und Ozon 

vorherrschen, stehen NO und NO2 in einem schnellen photochemischen Gleichgewicht, dem 

„Photostationären Gleichgewichtszustand“  (engl.: photostationary state). Die Summe von 

NO und NO2 wird deshalb als NOx zusammengefasst. Vorhergehende Studien zum 

photostationären Gleichgewichtszustand von NOx umfassen Messungen an 

unterschiedlichsten Orten, angefangen bei Städten (geprägt von starken 

Luftverschmutzungen), bis hin zu abgeschiedenen Regionen (geprägt von geringeren 

Luftverschmutzungen). Während der photochemische Kreislauf von NO und NO2 unter 

Bedingungen erhöhter NOx-Konzentrationen grundlegend verstanden ist,  gibt es in 

ländlicheren und entlegenen Regionen, welche geprägt sind von niedrigeren NOx-

Konzetrationen, signifikante Lücken im Verständnis der zugrundeliegenden 

Zyklierungsprozesse. Diese Lücken könnten durch messtechnische NO2-Interferenzen 

bedingt sein -  insbesondere  bei indirekten Nachweismethoden, welche von Artefakten 

beeinflusst sein können. Bei sehr niedrigen NOx-Konzentrationen und wenn messtechnische 

NO2-Interferenzen ausgeschlossen werden können, wird häufig geschlussfolgert, dass diese 

Verständnislücken mit der Existenz eines „unbekannten Oxidationsmittels“ (engl.: unknown 

oxidant) verknüpft ist. Im Rahmen dieser Arbeit wird der photostationäre 

Gleichgewichtszustand von NOx analysiert, mit dem Ziel die potenzielle Existenz bislang 

unbekannter Prozesse zu untersuchen. 

 Ein Gasanalysator für die direkte Messung von atmosphärischem NO2 mittels 

laserinduzierter Fluoreszenzmesstechnik (engl. LIF – laser induced fluorescence), 

GANDALF, wurde neu entwickelt und während der Messkampagne PARADE 2011 erstmals 

für Feldmessungen eingesetzt. Die Messungen im Rahmen von PARADE wurden im 

Sommer 2011 in einem ländlich geprägten Gebiet in Deutschland durchgeführt. 

Umfangreiche NO2-Messungen unter Verwendung unterschiedlicher Messtechniken  (DOAS, 

CLD und CRD) ermöglichten einen ausführlichen und erfolgreichen Vergleich von 

GANDALF mit den übrigen NO2-Messtechniken. Weitere relevante Spurengase und 

meteorologische Parameter wurden gemessen, um den photostationären Zustand von NOx, 

basierend auf den NO2-Messungen mit GANDALF in dieser Umgebung zu untersuchen. 
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Während PARADE wurden moderate NOx Mischungsverhältnisse an der Messstelle 

beobachtet (10² - 104 pptv). Mischungsverhältnisse biogener flüchtige 

Kohlenwasserstoffverbindungen (BVOC, engl.: biogenic volatile organic compounds) aus 

dem umgebenden Wald (hauptsächlich Nadelwald) lagen in der Größenordnung 10² pptv vor. 

 Die Charakteristiken des photostationären Gleichgewichtszustandes von NOx bei 

niedrigen NOx-Mischungsverhältnissen (10 - 10³ pptv) wurde für eine weitere Messstelle in 

einem borealen Waldgebiet während der Messkampagne HUMPPA-COPEC 2010 untersucht. 

HUMPPA–COPEC–2010 wurde im Sommer 2010 in der SMEARII-Station in Hyytiälä, Süd-

Finnland, durchgeführt. Die charakteristischen Eigenschaften des photostationären 

Gleichgewichtszustandes von NOx in den beiden Waldgebieten werden in dieser Arbeit 

verglichen. 

 Des Weiteren ermöglicht der umfangreiche Datensatz - dieser beinhaltet Messungen 

von relevanten Spurengasen für die Radikalchemie (OH, HO2), sowie der totalen OH-

Reaktivität – das aktuelle Verständnis bezüglich der NOx-Photochemie unter Verwendung 

von einem Boxmodell, in welches die gemessenen Daten als Randbedingungen eingehen, zu 

überprüfen und zu verbessern.  

 Während NOx-Konzentrationen in HUMPPA-COPEC 2010 niedriger sind, im 

Vergleich zu PARADE 2011 und BVOC-Konzentrationen höher, sind die 

Zyklierungsprozesse von NO und NO2 in beiden Fällen grundlegend verstanden. Die Analyse 

des photostationären Gleichgewichtszustandes von NOx für die beiden stark 

unterschiedlichen Messstandorte zeigt auf, dass potenziell unbekannte Prozesse in keinem der 

beiden Fälle vorhanden sind. Die aktuelle  Darstellung der NOx-Chemie wurde für 

HUMPPA-COPEC 2010 unter Verwendung des chemischen Mechanismus MIM3* simuliert. 

Die Ergebnisse der Simulation sind konsistent mit den Berechnungen basierend auf dem 

photostationären Gleichgewichtszustand von NOx. 
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1 Scientific Context and Motivation 

Researchers have been inspired to study the physical and chemical properties of the 

atmosphere surrounding the planet Earth ever since the discovery of ozone (Schönbein, 1840) 

in the mid-19th century. This encompasses the excitement of understanding the thin envelope 

of air around the globe from the troposphere (0 - 18 km) to thermosphere (> 85 - 90 km). The 

atmosphere around Earth is a complex layer of different gas species. The most abundant 

gases of the atmosphere are nitrogen (78 %), oxygen (21 %), argon (0.93 %), and water 

vapour, the level of which reaches up to 3 % (Seinfeld and Pandis, 2006). A number of 

different trace gases are present in a range of parts per quadrillion (ppqv) to parts per million 

by volume (ppmv). Various trace gases are emitted into the atmosphere by several means 

such as anthropogenic activities and emissions at the surface (trees, soil etc.). These gases 

directly or indirectly contribute to the radiative balance of Earth and in the chemical 

properties of the atmosphere (Seinfeld and Pandis, 2006). In the last 100 years, the physical 

and chemical mechanisms of the atmosphere have been disturbed due to the increase in 

anthropogenic activities, such as growing industry, agriculture, and traffic. Global warming 

(the greenhouse effect), increases in the tropospheric O3, and ozone depletion in the 

stratosphere (< 50 km) are a few examples of changes forced by human activities in the 

Earth’s atmosphere (Brasseur et al., 1999). The increase in primary pollutants, such as 

nitrogen oxides, sulphur dioxide, volatile organic compounds, and particulates (e.g. soot) 

affects the air quality. Some of these pollutants undergo photochemical reactions and give 

rise to secondary pollutants like ozone, oxygenated organic species, organic and inorganic 

acids, and particulates. The pollution degradation or the self-cleansing mechanism of the 

troposphere (Levy, 1971) is initiated by oxidation processes in first step and later subsequent 

deposition. Hydroxyl and nitrate radicals initiate the oxidation process during day and night 

time, respectively and control the atmosphere’s self-cleansing mechanism (Lelieveld, 

2010;Rohrer et al., 2014). A better understanding of processes within the atmosphere from 

polluted to clean regions is of interest due to the direct impacts on life.  
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1.1 The Troposphere 

The troposphere is the lowest part of the atmosphere with a maximum depth of about 18 km 

in the tropics and a minimum depth of 6 - 8 km at the poles (Brasseur et al., 1999). It contains 

80 - 90 % of the atmospheric mass  (Brasseur et al., 1999) and nearly all the water vapour and 

aerosols in the atmosphere are present in this layer. The troposphere is well mixed 

horizontally and vertically compared to the stratosphere (Brasseur et al., 1999). Generally, 

temperature in the troposphere decreases with increase in height (Brasseur et al., 1999) at 

about an average lapse rate1 of 6.5 °C km-1. Atmospheric pressure is highest at sea level 

(1013.25mbar or hPa) and decreases quasi-exponentially with height (Brasseur et al., 1999). 

The lowest part of the troposphere is called the planetary boundary layer (PBL). The 

remaining section of the troposphere above the PBL is considered to be part of the free 

atmosphere (Fig. 1.1) (Stull, 1988). The PBL is directly influenced by the Earth’s surface 

emissions and the depth of the PBL is variable, depending on local topology and 

meteorology, from a few hundred meters to 1 - 2 kilometres (Brasseur et al., 1999).  

 

 

 

Fig. 1.1: Stratification of planetary boundary layer. [Figure is adapted from (Stull, 1988) ] 

 

The PBL evolves with the time of day and contains different sub layers e.g. entrainment zone, 

convective mixed layer, nocturnal boundary layer, and surface layer (Fig. 1.1). The lower 

                                                 

1 Negative rate of change in temperature with respect to height. 
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region of the PBL is called the surface layer and it contains large gradients of pollution 

concentrations, wind, moisture, and temperature. It is about 10 % of the PBL’s depth (Stull, 

1988). The convective mixed layer is resides on top of the surface layer; due to convective 

turbulence during daytime and it has a nearly uniform potential temperature2 and humidity 

(Stull, 1988). The nocturnal boundary layer is developed due to less turbulence in the absence 

of surface heating at sunset to sunrise on top of the surface layer. It can be described as a 

stable boundary layer (Stull, 1988). On top of this layer, the leftover part of the convective 

mixed layer resides; this leftover part is called the residual layer (Stull, 1988). The 

entrainment zone is the top most part of the PBL and it separates the convective mixed layer 

and free troposphere. This zone contains statically stable air and has a negative buoyancy 

flux 3  (Stull, 1988). The entrainment zone limits the exchange of chemical compounds 

between PBL and free troposphere. The time scale for the exchange is in an order of several 

hours to days (Brasseur et al., 1999). 

Besides the physical processes, several chemical reactions occur between trace gasses 

in the troposphere. Amongst these chemical reactions, the self-cleansing mechanism is the 

one which have vast impact on the quality of the Earth’s atmosphere. The reactions of 

radicals with various chemical compounds leading to deprivations of pollutants make up the 

self-cleansing mechanism. The radical photochemistry also produces secondary pollutants; 

most prominent is O3. In the stratosphere, O3 is primarily responsible for the absorption of 

harmful ultraviolet (UV - B) radiation from Sun. These UV - B radiation can cause damage to 

human health (skin cancer) and ecosystems. About 90 % of O3 in the atmospheric is located 

in the stratosphere (Crutzen et al., 1999). Approximately 40 % of the tropospheric O3 is 

transported from the stratosphere (Roelofs and Lelieveld, 1997). The contribution of 

stratospheric O3 at the surface ranges from about 10 % in summer to 60 % in winter (Roelofs 

and Lelieveld, 1997). The photochemical production of O3 in the northern and southern 

hemispheres is 70 % and 50 % (Roelofs and Lelieveld, 1997), respectively. The increased 

concentration of O3 (Tiao et al., 1986;Logan, 1985) in the troposphere is a major concern. In 

contrast to the stratosphere, O3 in the troposphere has several harmful effects e.g. the crop 

damage (Wahid, 2006;Avnery et al., 2011a, b), an increase in premature mortality due to an 

increase of O3 and particulate matter (PM2.5) (Lelieveld et al., 2013) etc. NOx
4 and ROx

5 

                                                 

2 The temperature that a parcel [@ pressure (P)] would acquire if adiabatically brought to pressure (Po).  
3 The buoyancy associated with the vertical kinematic flux of virtual potential temperature. 
4 NOx = [Nitric oxide (NO) + Nitrogen dioxide (NO2)] 
5 ROx = [Hydroperoxyl (HO2) + sum of organic peroxy radicals (Σ RO2)] 

http://en.wikipedia.org/wiki/Adiabatic_process
http://glossary.ametsoc.org/wiki/Kinematic_flux
http://glossary.ametsoc.org/wiki/Virtual_potential_temperature
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control the abundances of O3 in the troposphere. A better understanding of the role of NOx 

with ROx in the O3 photochemistry is very important.  

 

1.1.1 Role of NOx in tropospheric chemistry 

In presence of O3 and sunlight, the interconversion between NO and NO2 is very fast and 

therefore, the sum of NO and NO2 is described as NOx (= NO + NO2). NO and NO2 are 

considered primary pollutants caused by anthropogenic activity, along with carbon monoxide 

(CO), sulphur dioxide (SO2), methane (CH4), and several others. NOx and volatile organic 

compounds (VOCs) are responsible for the production of O3. The role of NOx is an important 

factor in the oxidation capacity of the troposphere because it affects O3 and contributes to the 

abundances of OH and NO3. The NOx lifetime is determined by their oxidation capacity and 

consequently affects their abundance. The transport of NOx is little because of shorter 

lifetimes (right panel: Fig. 1.2) compared to other primary pollutants like CO, SO2, and CH4 

etc. Due to seasonal variability of OH (Vaughan et al., 2012), the lifetime of NOx is shorter in 

the summer compared to the winter (R. 1.7). The tropospheric lifetime of NOx is in the range 

of hours to days. Near the Earth’s surface it is shorter compared to high altitudes (left side: 

Fig. 1.2). At higher altitudes NOx is mostly present in form of NO because of the temperature 

dependence of the reaction ‘NO + O3 → NO2’ (R. 1.1). The reaction slows at lower 

temperatures. 

 

 

Fig. 1.2: Lifetimes of NOx as a function of altitude [left panel from (Ehhalt et al., 1992)]. 

Spatial and temporal scales of variability for atmospheric constituents [right panel from 

(Seinfeld and Pandis, 2006)]. 
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1.1.1.1 Sources and sinks  

The main sources of NOx (Logan, 1983) are combustion processes, microbial production in 

soil and lightening. Global NOx total emissions are about 42.5 - 47.9 Tg N yr-1 

[IPCC6 (2007), (Solomon et al., 2007)]. About 78.5 % of total emissions of NOx into the 

troposphere are due to anthropogenic activities (Solomon et al., 2007). The major 

contribution of anthropogenic activity comes from the fossil fuel combustion process, which 

accounts for 80 % of the anthropogenic emissions of NOx (Solomon et al., 2007). As the 

major natural sources of NOx soil emissions and lighting account for a total contribution of up 

to 29 % (Solomon et al., 2007). The transport from the stratosphere is less than 2 % (Solomon 

et al., 2007). SCIAMACHY7 observations of the average global tropospheric NO2 column 

densities (molecule cm-2) between 2002 - 2011 are shown in Fig. 1.3 (Schneider and R. van 

der A., 2013). The comparatively high values of NO2 columns (molecules cm-2) can be seen 

over America, Europe, South Africa, and China. 

 

 

 

Fig. 1.3: Global average tropospheric NO2 columns for the period of 2002 to 2011. [figure 

taken from (Schneider and R. van der A., 2013)].   

                                                 

6 Intergovernmental Panel on Climate Change  
7 SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY  

  (Gottwald et al., 2006)  (http://www.iup.uni-bremen.de/sciamachy/) 

http://en.wikipedia.org/wiki/IPCC
http://www.iup.uni-bremen.de/sciamachy/
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The direct emissions of NO2 can be variable from 1 % to 30 % (Lenner, 1987;Kurtenbach et 

al., 2012). NOx emissions are mostly in the form of NO (Harrop, 2002) and later converted to 

NO2 by the reaction of NO with O3, HO2, RO2, and other oxidants such as halogen oxides (R. 

1.1, R. 1.2, R. 1.3, and R. 1.4) (Seinfeld and Pandis, 2006).  

 

NO + O3  → NO2 + O2        R. 1.1 

 

NO + HO2  → NO2 + OH        R. 1.2 

 

NO + RO2  → NO2 + RO•                 R. 1.3 

 

NO + XO  → NO2 + X   (X= Cl, Br, and I)   R. 1.4 

 

NOx acts as a key catalyst in the formation of tropospheric ozone (Crutzen, 1979). 

The photolysis of NO2 (R. 1.5) followed by the reaction R. 1.6 is the main process for the 

formation of ozone in the troposphere (Levy, 1972;Chameides and Walker, 1973). NOx with 

volatile organic compounds (VOCs)8 and sunlight control the photochemical production and 

loss of O3 in the troposphere  (Liu et al., 1987). The increase in emissions of NOx and VOCs 

leads to photochemical smog by increasing the production of O3 under hot and sunny 

conditions. In the presence of sunlight and O3, the cycle between reactions R. 1.1, R. 1.5, and 

R. 1.6 is in steady state. The net effect of intercycling between R. 1.1, R. 1.5 and R. 1.6 is 

zero in absence of competing reactions. This intercycling is further discussed in Section 1.2. 

The reaction R. 1.5 is neither a source nor a sink of NOx. 

 

NO2 + hʋ (λ< 424nm) → NO + O ( 3P)       R. 1.5 

 

O ( 3P) + O2 + M → O3 + M        R. 1.6 

 

In the troposphere, NOx leads to the formation of nitric acid (HNO3), 

peroxyacetylnitrate (PAN), alkyl nitrates and aerosols. R. 1.7 (Finlayson-Pitts and Pitts, 

2000) is an important reaction in that it provides a daytime sink for NOx and OH in the 

troposphere. The HNO3 deposition (acid rain) contributes to eutrophication with damaging 

effects on the ecosystem (Durka et al., 1994). PAN is a dominant nitrate produced 

                                                 

8 VOCs   = Σ( Anthropogenic + Biogenic ) 

  BVOCs = Σ Biogenic 
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subsequently in the oxidation of acetaldehyde followed by a reaction with NO2 (Brasseur et 

al., 1999) and acts as a reservoir for NOx (Singh et al., 1992). 

 

NO2 +OH + M → HNO3 + M        R. 1.7 

 

CH3C(O)O2  + NO2 + M ↔ CH3C(O)O2 NO2 + M      R. 1.8 

 

NO2 reacts with O3 to form NO3 and, subsequently, dinitrogen pentoxide (N2O5), as shown in 

R. 1.9 and R. 1.12. In sunlight, R. 1.12 is not significant due to rapid photolysis of NO3 back 

to NO2 or NO. Photolysis rates are typically 0.016 - 0.02 s-1 for the reaction R. 1.10 and 0.17 -

0.19 s-1 for the reaction R. 1.11 at midday (Orlando et al., 1993;Johnston et al., 1996). During 

night time, NO3 takes the role of OH and contributes to the formation of peroxy radicals by 

oxidation of alkenes. Hydrolysis of N2O5 (R. 1.13) with subsequent deposition is a sink for 

NOx during night time. 

 

NO2 + O3 → NO3 + O2        R. 1.9 

 

NO3 + hυ (λ< 580nm) → NO2 + O       R. 1.10 

 

NO3 + hυ (λ< 700nm) → NO + O2       R. 1.11 

 

NO2 + NO3 + M ↔ N2O5 + M       R. 1.12 

 

N2O5 + H2O (l) → 2HNO3 (aq)        R. 1.13 

 

Alkyl nitrates (ANs) are commonly referred as organic nitrates of form RONO2 (Rosen et al., 

2004). ANs are formed in a minor branch of reaction R. 1.3, as shown in R. 1.14 (Rosen et 

al., 2004) and also with the reaction between alkenes and NO3 (Browne and Cohen, 2012). 

The reaction R. 1.15 is important during night time since in daytime the lifetime of NO3 is 

very small. In previous studies, it was concluded that ANs substantially contribute to NOy 

(sum of reactive nitrogen oxides) in urban (Rosen et al., 2004;Perring et al., 2010;Farmer et 

al., 2011) and rural areas (Murphy et al., 2006;Day et al., 2009;Beaver et al., 2012). Besides 

the formation of HNO3, reaction R. 1.14 and R. 1.15 are important sinks of NOx at least 

locally (Section 5.6).   
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RO2 + NO  → NO2 + RO• 
 (1- α)      R. 1.3  

 

RO2 + NO   → RONO2      (α)      R. 1.14 

 

Alkenes + NO3 → RONO2         R. 1.15 

 

Where α is the yield of the reaction ‘RO2 + NO’ that leads to ANs. The variability [1 % to 

35 % for ethylperoxy to C8 peroxy radicals (Rosen et al., 2004;Thieser, 2013)] of α is 

dependent on the number of carbons in the peroxy radical precursor. It is described as in Eq. 

1.1. 

 

1.31.14

1.14

kk

k
:α


                                Eq. 1.1  

 

1.1.2 Related photochemistry 

The oxidation capacity of the troposphere during daytime is mainly defined by OH and O3 

(Thompson, 1992). Besides the photolysis of nitrous acid (HONO), photolysis of O3 is the 

main process for the primary formation of OH in the troposphere. O(1D) is formed from the 

photolysis of O3 (R. 1.16). In the lower troposphere with H2O vapour presence (typically 1-

2 %), the reaction between O(1D) and H2O vapour leads to the OH formation (R. 1.19). The 

greatest fraction of O(1D) is subject to quenching process in the presence of a third molecule, 

mostly with N2 and O2 as in R. 1.17. Only about 14 % (at 298 K and 1 % H2O vapour) of 

O(1D) leads to the formation of OH (Atkinson et al., 2006). 

 

O3 + hʋ (λ< 335nm) → O2 + O ( 1D)        R. 1.16  

 

O ( 1D) + M → O ( 3P) +M         R. 1.17  

 

O ( 1P) + O2 + M → O3 + M         R. 1.18 

 

O ( 1D) + H2O → 2OH         R. 1.19 

 

The reaction of OH initiates the breakdown of CO and VOCs, resulting in the formation of 

ROx; the simplest of this family is HO2, which is formed by the oxidation of CO to CO2. 

However, CH4 (most abundant) and other VOCs oxidise to ROx in the manner shown in R. 
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1.22 and R. 1.23. The photolysis of HCHO and the reaction ‘HCHO + OH’ also lead to the 

formation of HO2 (R. 1.24, R. 1.25, and R. 1.26) (Seinfeld and Pandis, 2006). 

 

OH + CO → H• + CO2         R. 1.20  

 

H• + O2 + M → HO2 + M         R. 1.21 

 

OH + RH → R• + H2O         R. 1.22 

 

R•+ O2 + M → RO2 + M        R. 1.23 

 

HCHO + hʋ (λ< 337nm) → H + HCO → R. 1.21     R. 1.24  

 

HCHO + OH → H2O + HCO•       R. 1.25  

 

HCO• + O2 → HO2 + CO        R. 1.26 

 

The formation of ROx also occurs with the oxidation of alkenes by NO3, but in sunlight, this 

process is not significant due to the rapid photolysis of NO3 back to NO or NO2. In remote 

areas under very low NOx concentrations, ‘radical + radical’ reactions (‘OH + HO2’, 

‘HO2 + HO2’, and ‘RO2 + HO2’) are dominant over ‘HO2 + NO’ and ‘RO2 + NO’ reactions, 

while this dominance disappears with an increase of the NOx concentration (Carpenter et al., 

1997). ROx serves as a reservoir for OH and affects the oxidising potential of a region. The 

reaction R. 1.2 is also very important because it is a secondary source for OH. An overview 

of NOx-related chemistry is shown in Fig. 1.4. 
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1.2 The quasi-equilibrium state  

In the presence of sunlight, a quasi-equilibrium exists between NO and NO2 due to their rapid 

conversion to each other that involves multiple oxidants e.g. O3, HO2, RO2 etc. A simple 

cycling between NO and NO2 is described by (Leighton, 1961) involving only O3. During the 

cycling between reactions R. 1.1, R. 1.5, and R. 1.6, the production and loss rates of NO, 

NO2, and O3 become equal and there is a null cycle established in the absence of competing 

reactions. This null cycle is referred as a photostationary state (PSS) (Cadle and Johnston, 

1952;Leighton, 1961) and it can be written as in Eq. 1.2.  

 

NO2 + hʋ (λ< 424nm) → NO + O ( 3P)       R. 1.5 

 

O ( 3P) + O2 + M  → O3 + M       R. 1.6 

 

NO + O3   → NO2 + O2        R. 1.1 

 

 

 
 

 

2

31.12

jNO

Ok

NO

NO
          Eq. 1.2  

 

In Eq. 1.2, jNO2 is the photodissociation frequency (s-1) of NO2 and k1.1 in cm3 molecule-1 s-1 

is the rate coefficient of reaction R. 1.1 (Atkinson et al., 2004;Sander et al., 2011b). The 

square bracket in Eq. 1.2 represents concentrations in molecule cm-3. The time constant for 

the interconversion of NO and NO2 is in the order of 101 to 102 s in the presence of sufficient 

amounts of radiation and O3. A simple expression Eq. 1.3 can be used to estimate the steady 

state time constant (τ)ss for the NOx photostationary state (Martinez et al., 2003;Trebs et al., 

2012) .  

 

     1

31.12SS OkjNOτ


                                          Eq. 1.3  

 

Rapid changes in radiation, e.g. passing clouds, and emissions of NOx in the vicinity of 

measurements, e.g. mobile emissions, can perturb the balance of the system and lead to 

scatter in Φ, especially in morning or evening times due to large change in the solar radiation. 

Under these conditions the assumption of PSS is generally not valid. The possible local sinks 

of O3 such as reaction with alkenes can also perturb the PSS. Dissociation or photolysis of 
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reservoir species such as PAN also forms NO2. The dissociation can happen in the sampling 

lines with longer residence time or directly in the atmosphere and leads to a bias in the PSS. 

 The PSS is often described by a dimensionless parameter, called the Leighton ratio 

(Φ) as defined in Eq. 1.4 (Leighton, 1961). 

                                              

 

   NOOk

NOjNO
:Φ

31.1

22         Eq. 1.4 

                                              

At the dynamic equilibrium between NO-NO2-O3, Φ should be unity as defined in Eq. 1.4; 

but these cases are limited to a high NOx region e.g. (Parrish et al., 1986;Carpenter et al., 

1998). In semi-remote areas, it deviates from unity ‘Φ > 1’ e.g. (Volz-Thomas et al., 

2003;Mannschreck et al., 2004) and at pristine background conditions [NOx = 5 - 25 parts per 

trillion by volume (pptv)], deviations from unity are very large ‘Φ >> 1’ (Hosaynali Beygi et 

al., 2011). Chemically, O3 is not the only single oxidant converting NO to NO2. Φ > 1 can be 

an indication of other oxidants besides ‘NO + O3’ converting NO to NO2 (Calvert and 

Stockwell, 1983); HO2 and RO2 reactions with NO are well known to form NO2 (R. 1.2, and 

R. 1.3). These reactions are mainly responsible for Φ > 1. Under NOx concentrations in the 

order of several parts per billion by volume (ppbv), formation of peroxy radicals is suppressed 

due to an increase in loss of OH due to reaction R. 1.7, and Φ is often close to unity. These 

conditions are typically observed in cities and highly polluted regions. While under lower 

NOx concentrations in the order of pptv, deviations (> 1) in Φ are expected, mainly with a 

proportional increase of peroxy radical role in NO2 formation e.g. (Ridley et al., 1992). By 

taking the contributions from peroxy radicals into account, Eq. 1.2 shows a relative 

proportioning of NO to NO2 cycle. The Leighton ratio (Φ) can similarly be extended as Φext 

(Eq. 1.6) with inclusion of peroxy radicals (Calvert and Stockwell, 1983).  

 

 
 

     

2

21.321.231.12

jNO

ROkHOkOk

NO

NO 
      Eq. 1.5 

 

                                                          

 

       NOROkHOkOk

NOjNO
:Φ

21.321.231.1

22
ext


     Eq. 1.6 
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The deviation Φ > 1 can be used to estimate the concentrations of peroxy radicals (Cantrell et 

al., 1997;Mannschreck et al., 2004;Trebs et al., 2012) by rearranging Eq. 1.5 as follows, into 

Eq. 1.7. In relation Eq. 1.7, keff is the derived rate coefficient for all ROx (Cantrell et al., 

1997). 

 

 
 

 1Φ
k

Ok
:RO

eff

31.1

PSSx         Eq. 1.7 
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21.321.2

eff
ROHO

ROkHOk
k        Eq. 1.8 

 

 Halogen oxides also produce NO2 by reacting with NO (R. 1.4). The sources of 

halogen oxides such as sea spray are commonly present close to an ocean. So a contribution 

to deviations in Φ due to ‘XO + NO’ reaction (R. 1.4) is expected in these regions (Harder, 

1994;Platt and Janssen, 1995) and should be taken into account. Besides peroxy radicals and 

halogen oxides, the presence of an unknown oxidant converting NO to NO2 and lead to 

deviations in Φ has also been reported (Volz-Thomas et al., 2003;Mannschreck et al., 

2004;Hosaynali Beygi et al., 2011). Besides chemical activity, measurement uncertainty 

would contribute to deviations in Φ. Interferences in NO2 measurement could also lead to the 

deviation in Φ.  
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1.3 Instantaneous photochemical production and loss rates of O₃ 

Reactions of RO2 and HO2 with NO (R. 1.2 and R. 1.3) drive the production of O3 in the 

troposphere. O3 photochemical production compared to O3 loss is dominant in the continental 

boundary layer, while it is smaller in marine regions (Lelieveld and Dentener, 2000;Lelieveld 

et al., 2004). In general, VOCs provide the main source, whereas NOx acts as the catalyst for 

the production of O3 in the troposphere. Halogens are commonly present in the marine 

boundary layer (MBL) (Cicerone, 1981;Chatfield and Crutzen, 1990;Monks, 2005). In the 

presence of sunlight, these molecules convert to halogen atoms. Halogen atoms then undergo 

a chemical reaction with O3 to form a halogen oxide and follow R. 1.4 to reproduce O3. There 

is no net effect on O3 concentrations in this cycle. But instead of reacting with NO, halogen 

oxides can also react with HO2 and lead to net O3 destruction in the MBL (Monks, 2005). 

The instantaneous photochemical production rate of O3 is described (Eq. 1.9) by the reaction 

of RO2 and HO2 with NO (Crutzen et al., 1999). 

 

     NOROkHOk)(OP 21.321.23        Eq. 1.9 

 

Since NO2 photolysis is the main process for O3 production, the imbalance between reaction 

R. 1.1, R. 1.5, and R. 1.6 can be used to describe the gross formation rate of O3 (Eq. 1.10) 

(Thornton et al., 2002;Martinez et al., 2003). 

 

       NOOkNOjNO:)(OP 31.122PSS3                  Eq. 1.10 

 

The photochemical in-situ loss of O3 can be calculated as shown in Eq. 1.11 (Crutzen et al., 

1999).  

 

      2OHOOOH

1

33 HOkOHkDjOβO)(OL
323      Eq. 1.11 

 

In Eq. 1.11, jO1D represents the photolysis frequency of O3 and β the fraction of O(1D) 

reacting with H2O (R. 1.19), while most part of O(1D) undergoes the process of quenching 

and produce back O3 (R. 1.17, R. 1.18). The effective β is defined in Eq. 1.12. 
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     2D)(OO2D)(ON2D)(OOH

2D)(OOH

OkNkOHk

OHk
:β

1

2

1

2

1

2

1

2






     Eq. 1.12 

 

The photochemical production and loss of O3 depends on an available concentration of NOx 

in a region (Brasseur et al., 1999). The net photochemical tendency of O3 can be defined by 

the difference between P(O3) and L(O3) (Crutzen et al., 1999).  

 

1.3.1 Ozone compensation point (OCP) 

In the troposphere, a point of equilibrium is established between the production and loss of 

O3. This point is called the ozone compensation point (OCP). It is strongly dependent on the 

NOx concentration and often referred to by the term “Critical NO”. A minimum value of 

“Critical NO” is suggested to be about 5 pptv of NO (about 15 - 20 pptv of NOx) in the 

troposphere (Lelieveld and Crutzen, 1990) and it can be calculated from relation in Eq. 1.14 

(Hosaynali Beygi, 2010) by rearranging P(O3) and L(O3) equations. 

 

 
 

   


21.321.2

3
c

ROkHOk

OL
NO       Eq. 1.13 

 

1.3.2 Catalytic efficiency of NOₓ 

NOx plays an important role in the catalytic cycling of O3. The instantaneous catalytic 

efficiency of NOx in the production of O3 can be defined as in Eq. 1.14 (Brasseur et al., 

1999). The major loss of NOx (LNOx) is the formation of HNO3 and subsequent deposition. 

In recent studies, it has been suggested that the formation of ANs can play an important role 

in reducing the catalytic efficiency of NOx (Rosen et al., 2004;Farmer et al., 2011;Browne 

and Cohen, 2012).  

 

 

x

3
x

LNO 

OP
 NO of efficiency Catalytic        Eq. 1.14 

 

Eq. 1.14 does not include the thermal or photolytic dissociation of reservoir species like 

HNO3, ANs, and PAN etc. Such processes could be important for releasing NO2 and 

affecting the catalytic efficiency.  
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1.4 Motivation and the framework  

O3 is important in the oxidation capacity of the atmosphere and effect on the abundance of 

the OH radical, the main oxidant of the atmosphere; it is therefore influential in controlling 

the self-cleansing capability of the atmosphere. It was suggested that even very low 

concentrations of NOx can be relevant in the production of O3 (Lelieveld and Crutzen, 

1990;Carpenter et al., 1997). Hence the self-cleansing mechanism of the atmosphere is 

indirectly affected by NOx. The inter-coupling of HOx and NOx in the catalytic cycling of O3 

continue until the chain termination reactions take place, like the formation of HNO3 and 

ANs. HNO3 formation and subsequent deposition is generally considered as the main loss 

process of NOx in the troposphere but the formation of ANs is also another major 

instantaneous sink of NOx in areas with the significant biogenic emission (Browne and 

Cohen, 2012). ANs are important in determining the lifetime of NOx and catalytic efficiency 

of NOx in the production of O3. Recently, a significant impact of the reaction (R. 1.14) has 

been studied in the urban and rural areas (Browne and Cohen, 2012). It was concluded that 

under low NOx (< 500 pptv), the lifetime of NOx is nonlinear with change in fraction of α 

(Browne and Cohen, 2012).  

 The concept of the PSS of NOx provides a tool to test our current understanding of the 

coupling between NOx, ROx, and HOx in the O3 photochemistry and its implementation in the 

current atmospheric models. The PSS has been widely applied in the troposphere for the 

estimation of the O3 production rates and NOx, ROx, and halogen oxides concentrations in the 

absence of the relevant measurements, and an enormous effort has been made by the 

scientific community in the past to understand the PSS and its applicability. A summary of 

the PSS analysis from previous studies is formulated in Table 1.1. A large number of past 

studies provide evidence about the importance of the concept and need to determine its 

reliability when applied to field observations. In past studies (Table 1.1), the PSS was 

evaluated with some degree of success, but often there had been a bias observed between the 

PSS estimates and observations (Table 1.1). The Leighton ratio (Eq. 1.4) is often used to 

investigate the PSS. The concept of the Leighton ratio (Section 1.2) is also used in this study 

to understand the NO to NO2 conversion. The main cause of positive deviation from unity of 

the classical Leighton ratio is that the assumption in the classical Φ that NO2 only forms from 

the O3 and NO reaction. This assumption is erroneous, as HO2, RO2, and halogen oxides also 

contribute considerably, depending on their concentrations and the location (Table 1.1). The 

classical Leighton ratio had been found to be a reasonable assumption in urban regions e.g. 
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(Shetter et al., 1983) but far off from reality in semi-rural regions e.g. (Volz-Thomas et al., 

2003) and remote regions e.g. (Hosaynali Beygi et al., 2011). Even after taking HO2 and RO2 

contributions into account (Eq. 1.6), there can be several other reasons for the unexplained 

positive deviations, for example potential interferences in NO2 instruments (Davis et al., 

1993;Crawford et al., 1996;Cantrell et al., 1997), errors in the measurements (Cantrell et al., 

1996), or unknown oxidant (Volz-Thomas et al., 2003;Mannschreck et al., 2004;Hosaynali 

Beygi et al., 2011), etc. The bias of the PSS is generally attributed due to potential 

interference in the measurement of NO2, and to missing information regarding an unknown 

oxidant for NO to NO2 conversion (Table 1.1). Accurate measurement of the atmospheric 

species is obviously important for the understanding of the atmospheric processes and 

validation of model results. The reliability of the PSS is also quite dependent on the accuracy 

of NOx measurements. Accurate measurements of NOx in the pptv range are quite 

challenging. Chemiluminescence is a reliable and common method for direct in-situ detection 

of NO. In Table 1.1 it is evident of that almost all studies of the PSS were done by using an 

indirect NO2 measurement with one exception of (Matsumoto et al., 2006). The potential role 

of interference in the indirect measurements of NO2, which is typically the case in 

commercial instruments, cannot be ruled out completely. It was concluded in past (Table 1.1) 

that interference in the NO2 measurement was a reason for the bias between the PSS and 

observations (Davis et al., 1993;Crawford et al., 1996;Cantrell et al., 1997). This has 

motivated a need for the direct, spectroscopically specific, and sensitive in-situ measurement 

of NO2. 

The tropospheric concentrations of NO2 can vary from few pptv (parts per trillion by 

volume) to 100ppbv (parts per billion by volume), depending on the remote (Hosaynali Beygi 

et al., 2011) and urban conditions (Clapp and Jenkin, 2001), respectively. The high variability 

in NO2 complicates its measurement. In order to perform NO2 measurements at the remote 

areas (e.g. the MBL), in the upper troposphere, and lower stratosphere, a resolution of a few 

pptv is required. This is often not possible with current instruments, especially those available 

commercially. Techniques like the cavity ring-down absorption spectroscopy’ [CRDS; 

(Osthoff et al., 2006;Hargrove et al., 2006)], tunable diode laser absorption spectroscopy 

[TDLAS; (Herndon et al., 2004)], cavity enhanced absorption spectroscopy [CEAS; (Wojtas 

et al., 2007)], and cavity attenuated phase shift spectroscopy [CAPS; (Ge et al., 2013)] 

provide a direct, in-situ measurements of NO2. However, sensitivities of these direct methods 

are still not sufficient to measure NO2 in ranges of a few pptv. The laser induced fluorescence 
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(LIF) technique for NO2 detection is a promising technique for highly sensitive and selective 

measurements. It has already been demonstrated in several past studies [e.g. (Fong and 

Brune, 1997;Thornton et al., 2000;Matsumi et al., 2001;Cleary et al., 2002;Taketani et al., 

2007;Dari-Salisburgo et al., 2009)], but most of these systems have large and complex laser 

systems. In recent times due to the availability of diode lasers, the development of a more 

compact LIF system with high sensitivity and selectivity has become possible. In this study, 

an instrument to observe NO2 by applying the LIF technique is reported, which will also be a 

part of the OMO (Oxidation Mechanism Observation) mission on HALO [High Altitude 

and LOng Range Research Aircraft; funded by the German Federal Ministry of Education 

and Research, the Helmholtz-Gemeinschaft and the Max-Planck-Gesellschaft]. The 

investigation of the NO to NO2 cycling has been performed by using measurements of LIF-

NO2 during the PARADE (PArticles and RAdicals: Diel observations of the impact of urban 

and biogenic Emissions) field experiment in 2011 in a semi-rural forest area. The 

investigation and related effects have been studied for a different boreal forest location during 

HUMPPA-COPEC (Hyytiälä United Measurements of Photochemistry and Particles in Air -

 Comprehensive Organic Precursor Emission and Concentration study) in 2010.  
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Table 1.1: An historical overview of studies related to PSS analysis. 

Reference 

Conclusions 

Detection 

NO2 
Platform Environment 

 

(Cadle and Johnston, 1952); 

(Leighton, 1961) 

Theoretical 

 

Proposed classical or simple PSS equation Eq. 1.2. 

 

(O'Brien, 1974) Smog chamber experiment 

 

A chamber study was done to validate the concept of photostationary state. Equilibrium 

prevailed in the chamber between NO, NO2, and O3 with hydrocarbons of low reactivity. The 

author also introduced the concept of estimating the concentration of radical species based on 

the imbalance of the classical PSS. 

 

(Kelly et al., 1980) Indirect 

Ground 

1 km 

(ASL9) 

Rural, remote 

(Niwot Ridge, 

mountains of 

Colorado, USA) 

 

It was concluded that the classical PSS does not hold in clean air. 

 

 

(Stedman and Jackson, 1975); 

(Calvert, 1976);(Shetter et al., 1983) 

Urban 

 

Early studies to test the classical PSS (Eq. 1.2) and NO → NO2 conversion by only O3 

accounted well. 

                                                 

9 ASL (above sea level) 
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(Calvert and Stockwell, 1983) Theoretical 

 

Inclusion of HO2 and RO2 is important in Eq. 1.2 for rural regions.  

 

(Mcfarland et al., 1986) Indirect 

Airborne 

20 - 31 km 

altitude 

30° - 50° N 

 

This study was done in the stratosphere. The calculated ratio (NO2 / NO, Eq. 1.2) 

corresponded with the observation within the combined uncertainty of measurements and 

calculations. 

 

(Parrish et al., 1986) Indirect 

Ground 

3 km 

(ASL) 

Rural (Southeast of 

Niwot Ridge, 

rocky mountains of 

Colorado, USA) 

 

In this study an overestimation of the PSS estimates of oxidants was observed compared to a 

model and it was concluded that the type of oxidant for the conversion (NO → NO2) is a 

mixture of peroxy radicals and halogen oxides; if exclusively peroxy radicals, enhanced 

concentrations can only locally contribute to the imbalance between observation and the PSS. 

 

(Chameides et al., 1990) Indirect 

Airborne 

(0 - 5 km) 

altitude 

The west coast at 

Moffett Field, 

California, USA. 

 

An overall 25 % overestimation of the observed ratio (NO2 / NO) was seen when compared to 

the PSS estimate of NO2 / NO (Eq. 1.5). The authors emphasised the requirement of accurate 

NO2 measurements for an accurate test of the PSS. 
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(Ridley et al., 1992) Indirect Ground 
Remote (Mauna 

Loa, Hawaii) 

 

The results of the PSS estimates reasonably agreed with the photochemical model 

calculations. 

 

(Cantrell et al., 1993) Indirect 

Ground 

91 m 

(ASL) 

Rural (Western 

Alabama, USA) 

 

(ROx)PSS (Eq. 1.7) in this study agreed with the measured ROx for most of the time but an 

overestimation of (ROx)PSS  had been observed for some period of time. A bias was concluded 

to exist in the measured ROx or (ROx)PSS. 

 

(Davis et al., 1993) 

 
Indirect 

Airborne 

(2 - 6 km) 

altitude 

North and South 

Atlantic 

 

Inconsistency was observed between observations and the theory for some data and this bias 

had been attributed to unidentified interference in the NO2 measurements. 

 

(Bakwin et al., 1994) Indirect Ground 

Taiga woodland 

(Northern Quebec, 

Canada) 

 

Measurements were made above the forest canopy. High values of Φ (Eq. 1.4) were 

calculated. The median value for midday conditions was Φ = 2.9. The oxidation of O3 was 

not sufficient to explain the observed ratio of NO / NO2. This study agreed with the results of 

previous studies e.g. (Parrish et al., 1986). 
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(Poulida et al., 1994) Indirect Ground 
Rural (North 

Carolina, USA) 

 

The calculated values of Φ (Eq. 1.4) were up to 1.42 for hourly-based data set. The presence 

of oxidants other than O3 for NO → NO2 conversion was concluded. 

 

 

 

(Harder, 1994); 

(Platt and Janssen, 1995) 

Indirect Ground 

Semi-remote 

(Coast of 

Brittany) 

 Theoretical 

 

Generally, it was proposed that an inclusion of halogen oxides is required in equation Eq. 1.5. 

 

(Kleinman et al., 1995) Indirect Ground 
Forested (Metter, 

Georgia, USA) 

 

A reasonably good agreement is observed between (ROx)PSS (Eq. 1.7) and the calculated ROx 

with the budget approach. 

 

(Crawford et al., 1996) Indirect 

Airborne 

(0 - 12 km) 

altitude 

Western and 

central North 

Pacific 

 

Interference in the NO2 measurements was concluded to be the reason for a discrepancy 

between the theory and observations. The authors also emphasised the need for the 

spectroscopically specific NO2 detection with a detection limit of a few pptv. 
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(Cantrell et al., 1996) Indirect Ground 
Remote (Mauna 

Loa, Hawaii) 

 

 

Inconsistency between the measurements of NOx and ROx was concluded to be the reason for 

a bias in the PSS analysis.  

 

(Cantrell et al., 1997) Indirect 

Ground 

3 km 

(ASL) 

Forested (Idaho 

Hill, Colorado, 

USA) 

 

 

Indicated possible positive interference in NO2 measurements based on an observed 32 % 

overestimation of the calculated NO / NO2 ratio from the PSS compared to the measured 

NO / NO2 ratio. Also (ROx)PSS was observed to be higher (factor 2.1) than the measured ROx. 

Generally, errors in the measurements were attributed to be a cause of difference. 

 

(Hauglustaine et al., 1996) Indirect Ground 
Remote (Mauna 

Loa, Hawaii) 

 

High levels of (ROx)PSS (Eq. 1.7) were observed compared to measured ROx. 

 

(Carpenter et al., 1998) Indirect Ground 
North Norfolk 

coast, UK 

 

The PSS estimates of peroxy radicals were overestimated compared to results of a model. It 

was stated that the O3 loss other than NO is non-negligible and the PSS approach is reliable 

only in high NOx regions. 
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(Rohrer et al., 1998) Indirect Ground 

Rural (Pennewitt, 

North-eastern 

Germany) 

 

 

Positive deviations in Φ (Eq. 1.4) were observed. Maximum value of Φ was 1.85. Effects of 

NO emissions on Φ were described. 

 

(Bradshaw et al., 1999) Indirect 

Airborne 

(0 - 12 km) 

altitude 

Over Pacific 

(Southern regions) 

 

 

The NO2 measurements were performed with a modified NO2 inlet to avoid interference from 

the dissociation of NOy species. Authors showed good agreement between the measured and 

calculated NO2, with a median value of 0.93 for the ratio NO2meas. / NO2cal. Also the results 

were compared with a data set prior to the modification of the NO2 inlet and a discrepancy 

[NO2meas. / NO2cal = 3.36 (Mdn.)] had been observed between the measured and calculated 

NO2. It was concluded that the main reason for the bias was interference from NOy species 

[mainly PAN and pernitric acid (HO2NO2)]. 

 

 

(Burkert et al., 2001) 
Not 

reported 
Ground 

Forest (Tábua, 

Portugal, 70 km 

east of the Atlantic 

coast). 

 

In this study the theory and observation did not match and it was concluded that the PSS 

concept to derive RO2 is inadequate. 
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(Salisbury et al., 2002) Indirect 

Ground 

24 m 

(ASL) 

Semi-remote 

(Mace Head, 

Atlantic coast of 

Ireland) 

 

The results are in agreement qualitatively with (Cantrell et al., 1997) and (Carpenter et al., 

1998).  

 

(Volz-Thomas et al., 2003) Indirect Ground 
Rural (Pabstthum, 

Germany) 

 

The potential presence of ‘unknown oxidant’ converting NO to NO2 was concluded because 

of the overestimation of the PSS based calculations compared to the observations. Authors 

also pointed out that the PSS approach is not suitable for calculating the production rates of 

O3.   

  

(Cantrell et al., 2003) Indirect 
Airborne 

(0 - 8 km) 

Northern middle 

and high latitude 

 

The PSS estimates of peroxy radicals and the NO / NO2 ratio agreed with measurements at a 

range of NO concentration greater than 20 pptv. But over estimation of the PSS estimates was 

unexplained for the NO concentrations lower than 20 pptv. 

 

(Yang et al., 2004) Indirect Ground 

 Remote (Cape 

Norman, 

Newfoundland) 

 

Authors had discussed the potential errors of the measurements (NOx, jNO2, and O3) and their 

impact on the derived estimates of the PSS. In this study, it was seen that (ROx)PSS (Eq. 1.7) 

level was 77 pptv, considerably larger than the one observed at remote marine regions. 
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(Mannschreck et al., 2004) Indirect 

Ground 

985 m 

(ASL) 

Hill, Forest 

(Bavarian foothill 

of Alps, Germany) 

 

Generally, an overestimation of the PSS based quantities compared to the field measurements 

was observed. (ROx)PSS (Eq. 1.7) were higher by factor of 2 to 3 than the measured ROx. The 

potential presence of ‘unknown oxidant’ converting NO → NO2 was concluded. 

 

(Matsumoto et al., 2006) Direct 
Ground 

20 m(ASL) 

Urban (Southern 

Osaka, Japan) 

 

 

Φext (Eq. 1.6) was not significantly different from unity and the oxidation of NO by unknown 

species was not observed.  

 

(Fleming et al., 2006) Indirect Ground 
North Norfolk 

coast, UK 

 

 

In this study the PSS approach is used to calculate the production of O3 [P(O3)PSS (Eq. 1.10)] 

and is generally in agreement with (Volz-Thomas et al., 2003). 

 

(Griffin et al., 2007) Indirect Ground 

15 km inland from 

Atlantic Ocean 

(New England, 

USA) 

 

71% of the observed positive deviations in Φ (Eq. 1.4) were explained by the modelled ROx. 

The rest of the positive deviations were assumed to be due to the presence of halogen 

chemistry most likely due to iodine. 
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(Shon et al., 2008) Indirect 

Airborne 

(0 - 7 km) 

altitude 

Over Urban region 

(Mexico city) 

 

 

The NO → NO2 was reasonably well described by Eq. 1.5. The potential role of halogen 

oxides was observed for the air masses from a marine region. 

 

 

(Hosaynali Beygi et al., 2011) Indirect Ship 

MBL  

(Punta Arenas, 

Chile to 

La Réunion Island) 

 

 

Eq. 1.5 does not justify the cycling from NO → NO2. A large discrepancy was observed 

between the PSS estimates and observations. The PSS estimates were overestimated 

compared to observations at very low NOx levels. The potential presence of ‘unknown 

oxidant’ converting NO to NO2 was concluded. 

 

(Trebs et al., 2012) Indirect Ship 

Rivers of the city 

of Manaus 

(Amazonas State, 

Brazil) 

 

 

In some cases levels of (ROx)PSS (Eq. 1.7) are significantly exceed to the modelled ROx but 

generally found that the level of (ROx)PSS are within the range of the model result. 
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2 GANDALF  

This chapter describes a new Gas Analyser for Nitrogen Dioxide Applying Laser induced 

Fluorescence (GANDALF). GANDALF is designed for accurate [4.5 % (1σ)], precise 

[0.5 % + 3pptv (1σ)], in-situ observations of NO2 with a low limit of detection (5 - 10 pptv). 

The instrument’s characteristics are described in upcoming sections. 

 

2.1 The operational method 

The working principle of GANDALF is Laser-Induced Fluorescence (LIF) at low pressure 

(<10 hPa). NO2 is excited with a wavelength well above the photolysis threshold (λ > 420 nm 

for NO2) and the red-shifted fluorescence is detected during laser-off periods. The absorption 

cross-sections and quantum yield of NO2 are shown in Fig. 2.1. 

 

NO2 + hυ (λ = 449nm) → NO2
*       R. 2.1 

 

NO2
* → NO2 + hυ´         R. 2.2 

 

The detected fluorescence hυ´ is directly proportional to the amounts of NO2 in the cell. The 

artefact signal from wall scatters (laser light) and dark counts (detector) are removed as the 

background level (i.e. zero level) of the instrument. The background level of GANDALF is 

determined by using synthetic air10. The atmospheric mixing ratios of NO2 are derived by 

using Eq. 2.1. 

 








 


c

BG
2

α

SSignal
NO          Eq. 2.1 

 

Where ‘Signal’ is counts (s-1) and αc is the calibration factor or sensitivity in counts (s-1ppb-1). 

‘αc’ is derived from the slope of counts versus the known amounts of NO2. ‘SBG’ is the 

synthetic air background level in counts (s-1). 

 

 

                                                 

10 “Synthetische Luft KW-frei”, Westfalen, Germany 
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Fig. 2.1: NO2 absorption cross-sections with quantum yields. Excitation wavelength above 

the photolysis threshold is shown with an arrow. The absorption cross-sections and quantum 

yields are plotted from data (Vandaele et al., 1998) and (Roehl et al., 1994), respectively.  

 

2.1.1 Instrumentation 

The instrument contains a detection axis connected to a scroll pump and calibrator (Fig. 

2.18). The mechanical and optical parts of the detection axis are visible in Fig. 2.2. All 

mechanical parts inside GANDALF are black anodised and most optical components (Fig. 

2.2, no.12 and no.13) are continuously flushed with synthetic air (3 × 50 sccm) during the 

period of operation to avoid dead air pockets, dust, fog etc. The inlet for sampling flow is a 

small orifice with a diameter of 0.7 mm. The distance from point of entrance at the orifice to 

the centre of the detection cell (laser beams are focused at this spot) is about 150 mm. This 

orifice and scroll pump combination provides a pressure of 7 hPa inside the detection cell. 

The current sampling flow is 4100 ± 41 sccm and less than 30 ms time is required for the air 

molecules to reach the centre of detection cell from the point of entrance. 
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Fig. 2.2: The section view of GANDALF [Inventor-2009: The drawing is created by defining 

a plane used to cut through assembly. The figure represents the surface area of the cut];  

SF: Sampling flow 1: Diode laser 2: Focussing lens 3: Optical Reference System 4: 

Motorised mirrors 5: Laser entrance window with wedge 6: Herriott cell’s mirrors 7: 

Concave mirror 8: Conical baffles 9: Focusing lens 10: Optical filters 11: PMT 12: The 

flushing for optics 13: Zigzag surfaces for reduction of the laser scatter. [3D AutoCAD 

models in Fig. 2.2; the diode laser (no. 1) is by courtesy of Omicron Laserage Laserprodukte 

GmbH (www.omicron-laser.de), opto-mechnical parts (parts in no. 3 and 4) by courtesy of 

Newport (www.newport.com)].

http://www.omicron-laser.de/
http://www.newport.com)/
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2.1.1.1 Diode laser 

The diode laser11 in this system has a maximum output power of 250 mW with a modulation 

frequency of 5 MHz and a wavelength (λ) 

of 447 - 450 nm. A plot of the measured 

intensity versus wavelength for the diode 

laser is shown in Fig. 2.3. The wavelength 

of the diode laser is measured with a 

spectrometer 12 . The spectrometer is 

calibrated by using a mercury lamp. The 

convolution of the laser profile and the NO2 

absorption cross-sections (Vandaele et al., 

2002) yields to an effective NO2 absorption 

cross-section of 5.3 ×10-19 cm2molecule-1 

for the wavelength of the diode laser.  

 

2.1.1.2 Herriott cell 

The Herriot cell (Herriott et al., 1964) is used to achieve multiple passes for the enhancement 

of the laser light at the centre of the detection cell. The detection cell of GANDALF is 

positioned in between the Herriott cell’s mirrors. The Herriott cell’s mirrors have 99.99 % 

reflectivity (IBS coating)13 in the spectral range of 445 nm to 455 nm. The absorption of light 

in the Herriot cell’s mirror is very small (< 0.1 %). The distance between the Herriott cell’s 

mirrors is twice to their radius of curvature (R = 128 mm). The fluorescent contaminants of 

Herriott cell’s mirrors are measured with the background level measurements (zero air). The 

laser beam is directed (Fig. 2.2, no.4) into the detection cell by using motorised mirrors. 

These mirrors are coated to achieve high reflectivity (> 99 %) for a light incidence at 

45° (angle of incidence) with a wavelength range between 445 and 455 nm. The laser beam 

makes a conical shape of multiple passes (25 to 30) inside the detection cell as shown in Fig. 

2.4 (A). The multiple passes of the laser beam makes a diameter of about 8 mm at the centre 

of the detection cell as shown in Fig. 2.4 (A). An open system is also shown in Fig. 2.4 (B), 

                                                 

11 Omicron Laserage (CW Diode-Laser), laserproduckte GmbH, Germany 

    Power stability <1 % hour-1, pointing stability: <10µrad  

    Beam diameter: 2.55 (perpendicular: 0°/mm) & 2.53 (parallel: 90°/mm) 
12 HR4000 High-Resolution Spectrometer, Ocean Optics, USA 
13 ATFilms (IBS coating), USA 

Fig. 2.3: Wavelength plot for the diode laser, 

operated with repetition rate of 5MHz. 
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but this is based on an arbitrary setting on optical bench and here distance between Herriott 

cell’s mirrors is not twice to the radius of curvature. 

 

 

Fig. 2.4: Multiple passes of the laser beam are visible in the detection cell (A) and in between 

the Herriott cell’s mirrors on an optical bench (B). 

 

2.1.1.3 Photon counting head device 

A photomultiplier14 (PMT) is used for the detection of fluorescence. The PMT is located at a 

perpendicular position from the sampling flow. The effective area of the PMT is 5 mm in 

diameter and has a GaAsP / GaAs photocathode with a radiant sensitivity of 87.4 mA W-1. 

The spectral response of the PMT is in wavelengths of between 380 nm and 890 nm. The 

PMT has peak sensitivity at 800 nm with a quantum efficiency of 12 %. The fluorescence 

signal is focused on the PMT by using collimating lenses (Fig. 2.2, no.9) and there is an 

aluminium concave mirror (Fig. 2.2, no.7) located opposite of the PMT, which redirects 

fluorescent photons towards the detector. 

 

2.1.1.4 Filters 

In front of the PMT, interference filters 15  (Fig. 2.2, no.10) are used to get rid of any 

contributions of photons due to scatter from walls of the sampling chamber, Rayleigh 

scattering and Raman scattering. The filters have a cut-on wavelength of 470 nm and 550 nm 

with an average transmission of 98 % in the spectral range from cut-on +3 nm to 900 nm. The 

reflectivity of filters is higher than 99 % for the spectral ranges below the cut-on 

                                                 

14 Hamamatsu (H7421-50), Japan 

    Count sensitivity: 2.1×105 s-1pW-1 at 550 nm and 3.9 × 105 s-1pW-1 at 800 nm  
15 Barr Associates, Inc., USA 

A B 
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wavelengths. The filters have a very small (< 1 %) absorption leading to the fluorescence. 

The fluorescent contaminant is corrected with the background level measurements.  

 

2.1.1.5 Optical reference system 

An optical system is installed to monitor the change in the wavelength and power of the diode 

laser continuously during a period of operation. The optical system (Fig. 2.2, No.3) consists 

of photodiodes16, beam splitters, and a NO2-filled cuvette before the detection cell as shown 

in Fig. 2.5. The laser beam splits into a ratio about 9:1 at the beam splitter (Fig. 2.5, 3.1) and 

~ 85 - 90 % of the beam goes into the detection cell. The remaining part of the beam (approx. 

10 - 15 % i.e. about 25 - 35 mW) splits in to a ratio 1:1 at the beam splitter (Fig. 2.5, 3.2). 

One half (approx. 5 %) goes to the photodiode (ref.) (Fig. 2.5, 3.3) and the other half (approx. 

5 %) passes through a NO2-filled cuvette (Fig. 2.5, 3.4) that is detected by the second 

photodiode (CNO2) (Fig. 2.5, 3.5). The signal from the photodiode (ref.) is used for the 

continuous diode laser’s power monitoring and also as reference for the other photodiode 

(CNO2). The photodiode (CNO2) is used to monitor the changes in wavelength of the diode 

laser. The change in wavelength of the diode laser is identified with relative absorption in the 

cuvette. The signals from these photodiodes are used to account for any relative changes in 

the power and wavelength of the diode laser.  

To suppress stray light, BG1217 band-pass filters are used in front of the photodiodes. 

A diode test to check the dependency of absorption in the cuvette (Fig. 2.5, 3.4) with respect 

to wavelength is shown in Fig. 2.6. During the test, the amount of NO2 was kept constant 

inside the detection cell and only the bias current of the diode laser was changed to achieve 

different wavelength. The signals from the PMT and the photodiode (CNO2) are normalised 

to the photodiode (ref.) to account for change in the power of the diode laser. A correlation 

plot between [(CNO2) / (ref.)] and [PMT / (ref.)] is shown in Fig. 2.6. The values of ratio on 

the y-axis represent the signal from the fluorescence of NO2, while the ratio on the x-axis is 

due to the absorption of the laser light. When the wavelength of the diode laser corresponded 

to the highest absorption of NO2, at the same time the highest fluorescence signal is detected 

by the PMT. There is one photodiode (not shown) at the outlet of the detection cell. The 

signal from this photodiode is used to monitor any changes inside the Herriott cell, such as 

mirror reflectivity, beam deflection, and for the Herriott cell’s alignment. 

                                                 

16 OSD 50-5T, Centronic, UK 
17 ITOS (transmittance of approximately 80% at 450nm), Germany 
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Fig. 2.5: Inventor 2009 assembly of the optical reference system 

3.1: Beam splitter (reflectivity 10 % at 45°)  

3.2: Beam splitter (reflectivity 50 % at 45°)  

3.3: Photodiode (ref.)  

3.4: NO2 cuvette  

3.5: Photodiode (CNO2) 

[3D AutoCAD models in Fig. 2.5; for the diode laser (blue) is by courtesy of Omicron 

Laserage Laserprodukte GmbH (www.omicron-laser.de) and beam splitter holder (3.1 and 

3.2) by courtesy of Newport (www.newport.com)]. 

http://www.omicron-laser.de/
http://www.newport.com/
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Fig. 2.6: A plot between the PMT and photodiode (CNO2); both signals are normalised to the 

photodiode (ref.). 

 

2.1.1.6 Accessories 

The stray light in the system is reduced to a minimum level by using a combination of 

baffles. There are different types of baffles (Fig. 2.2, No.11 and 13) used inside the system to 

reduce scatter from walls or mirrors. The shape of a baffle surface is based on a zigzag 

pattern with a 30° angle. The sharpened edges of a baffle provide less surface area for the 

laser light to scatter and have the characteristic of a beam dump (7.2.1.2; A, B, and C). While 

operating the instrument in the field trial and lab, the diode laser and PMT are continuously 

kept at a constant temperature (25 ± 2 °C) by using a circulated water chiller. There is a need 

to keep the PMT and the diode laser system at constant temperature according to the 

manufacturer’s recommendations. An elevated temperature can lead to an increase in the dark 

counts of the PMT, change in the power or wavelength of the diode laser, and even 

permanent damage from overheating. Similarly a decrease in temperature can lead to 
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condensation. So, it is required to avoid such changes by maintaining constant temperature. 

Based on calculations for ambient conditions, a chiller with a cooling capacity of about 

100 W is required to maintain temperature. Copper cooling plates (7.2.1.2, D) are designed to 

generate turbulent flow for good cooling efficiency. 

 

 

2.2 Laser on-off cycle selection  

The diode laser has a ‘Deepstar’ mode, which is exploited as an advantage for the system. 

While operating in this mode, with the fast repetition rate of 5 MHz, there is no laser 

radiation during the off period. The rise time for the diode laser to transition from on to off is 

based on a theoretical calculation by taking into account key parameters like NO2 absorption 

cross-section, pressure, flow velocity, lifetime NO2 fluorescence, interference filter’s 

suppression and the power of the diode laser. Fig. 2.7 shows a simulated fluorescence signal 

from 1 ppbv of NO2 available during the duty cycles of ‘100 ns / 100 ns’ and ‘100 ns / 300 ns’ 

as an example for an initial 5000 ns period. The calculated sensitivity for different laser on-

off cycles is shown in Fig. 2.8. For a comparison to current operational on-off cycle, three 

different possibilities have been demonstrated in Fig. 2.8. Relative sensitivity is plotted 

against the diode laser turn-off duration for a different turn-on time. The best sensitivity of 

the instrument is achievable by the operating on-off cycle of 200 ns. The diode laser is 

operated currently with the on-off cycle of 200 ns (1:1). The raw signal is stored in 4 ns bins 

(4 ns bin = 1 channel) for a specified time of integration (typically 1 s is used). In 

GANDALF, the laser on-off cycle is 200 ns and the fluorescence from NO2 is detected during 

laser off period (channel 15 - 39, appendix 7.2.1.2). The first few channels (channel 15 - 19) 

of the laser off period are ignored because these channels contain scatters from the laser light 

and walls of detection cell. The sum of channels (in this case 20 - 38) is considered as a 

signal for NO2 for further data acquisition. 
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Fig. 2.7: Simulated ON/OFF cycles for operating the diode-laser 

 

Fig. 2.8: Sensitivity of the instrument based on simulation is demonstrated for three different 

on/off cycles of diode laser operation.   
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2.3 Calibration system 

The LIF method is not an absolute method and requires calibration. The sensitivity (Eq. 2.1) 

of GANDALF is determined with known amounts of NO2 for different conditions such as 

background noise, laser power or wavelength, temperature, pressure, residence time in 

sampling line etc. The calibration system is described with its characteristics and 

uncertainties in the following sections. 

 

2.3.1 Gas phase titration  

NO2 gas is available commercially and it can be used for calibration (Thornton et al., 

2000;Dari-Salisburgo et al., 2009), but there is much concern about the stability of NO2 in a 

cylinder. Therefore, the quantitative gas phase titration between NO and O3 (R. 1.1) is used to 

produce NO2 for the calibration of GANDALF. NO standards are available commercially; in 

this case the NO calibration mixture for the gas phase titration is traceable to a primary 

NIST18 standard (4.91 ± 0.04 μmol mol-1). The uncertainty of the primary NIST standard is 

better than 1 % (level of confidence 95 %). The overall uncertainty of the derived value of 

NO calibration mixture is 2 %. This includes the uncertainty of the primary NIST standard 

and the maximum relative standard deviation (1.5 %) of the derived value of NO calibration 

mixture (appendix 7.2.1.7).   

NO concentrations are almost completely consumed during a gas phase titration in the 

calibrator. This is achieved by using a high concentration of O3. NO2 also react with O3 to 

form NO3 (R. 1.9). Although the reaction [‘NO2 + O3’ (R. 1.9)] has a slow reaction rate 

[3.5 × 10-17 cm3 molecule-1 s-1 at k298 (Atkinson et al., 2004)] compared to the ‘NO + O3’ 

reaction [1.8 ×10-14 cm3 molecule-1 s-1 at k298 (Atkinson et al., 2004)], but with the presence of 

higher concentrations and longer residence times, the reaction between NO2 and O3 can be 

important and leads to a loss of the NO2 generated in the calibrator. The reaction (R. 1.9) also 

leads to a further reaction between NO2 and NO3 (R. 1.12). The calibrator for GANDALF has 

a reaction chamber, which is used for the gas phase titration between NO and O3 and 

afterward, the calibration gas is diluted with synthetic air (zero air). A box model is used to 

assess a best possible scenario for the calibration setup. Several effects have been studied 

with a model to derive the setup of the calibrator e.g. amounts of concentrations, residence 

time, and flow rates etc.   

                                                 

18  National Institute of Standards and Technology [an agency of U.S. Department of Commerce, www.nist.gov] 

http://www.commerce.gov/
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2.3.2 Model simulations with lab comparison 

A best scenario is found for the calibration setup by using Box Model (BM) simulations 

(appendix 7.2.1.4). These simulations helped to optimise the effect of factors like residence 

time, pressure, temperature, and reactions (like; R. 1.1, R. 1.9, and R. 1.12). The balance 

between NO and O3 concentration varied to achieve maximum conversion efficiency for 

NO → NO2 in simulations and compared with lab results. According to the best scenario, a 

residence time of about 7.5 s with a ratio of O3 to NO larger than 12 is required inside the 

reaction chamber. This way, NO can be converted efficiently to NO2 and the negative effects 

of different parameters (as described above) will be minimised. This setup was deployed for 

calibration and results compared with the model. The comparison between lab tests and 

model simulation is good. A BM simulation based on typical parameters19 of the calibrator 

for gas phase titration between NO and O3 is shown in Fig. 2.9 and Fig. 2.10. The mixing 

ratios of NO, O3, and NO2 are plotted as a function of residence time in Fig. 2.9.  This 

simulation shows that more than 99 % of NO is converted inside the reaction chamber. The 

major fraction of NO is converted to NO2 with in the residence time of 7.5 s. Inside the 

reaction chamber, Fig. 2.10 shows evidence that the formation of NO3 and N2O5 is negligible 

(< 0.5 ppbv) compared to NO2 (> 100 ppbv). The formation of NO3 and N2O5 can only raise 

1 % uncertainty in the generated NO2 for typical operating conditions of the calibrator.  

 

                                                 

19 For this specific simulation, initial parameters;   

 NO = 5 sccm × 10.55 ppmv,  
O3 = 500 sccm × 1.7 ppmv, 

Residence time = 7.5s,   

Flow = 8000 sccm 

Temperature and Pressure = 298 K and 1013.25 hPa 
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Fig. 2.9: Box model simulation of gas phase titration between NO and O3 

 

Fig. 2.10: Formation of NO3 and N2O5, based on simulation shown in Fig. 2.9.  
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2.3.2.1 O3 dependency 

To check the optimum ranges of O3 concentrations, for an optimum combination of residence 

time and conversion efficiency, the calibration system was tested with different 

concentrations of O3 in the lab. Fig. 2.11 shows the response of the PMT of GANDALF to a 

change in the O3 mixing ratios of the calibrator with a constant NO concentration. The PMT 

signal is proportional to the amount of NO2 generated inside the calibrator. At concentrations 

of O3 lower than 1 ppmv in the calibrator, a lower signal of the PMT was observed (Fig. 

2.11). This is because not all the NO is utilised within the reaction chamber. The PMT signal 

started to decrease after achieving a maximum signal at about 1.3 ppmv of O3 for a constant 

concentration of NO. This is also well explained by BM simulations. The peaks are similar in 

case of the PMT signal and BM simulations. The decrease in PMT signals at high O3 

concentrations (1.3 ppmv to 5 ppmv) is also well explained by the derived NO2 concentrations 

from the BM. This decrease in PMT signal is mainly due to a loss of NO2 because of 

reactions R. 1.9 and R. 1.12 at a high concentrations of NO2 and O3. 

 

 

 

Fig. 2.11: PMT signal with respect to change in O3 mixing ratios. 
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The higher O3 concentration in the calibrator provides a shorter NO lifetime. The uncertainty 

of the generated NO2 (‘NO + O3’ titration) is much less sensitive to O3 compared to NO. This 

uncertainty arises due to an increase in the loss of NO2 inside the reaction chamber because 

of the formation of NO3 and N2O5. The reduction in NO2 is only 1 % (Fig. 2.12) with an 

increase of 1 ppmv in O3 above the maxima at about 1.3 ppmv of O3 (Fig. 2.11). The O3 

concentrations are always kept above this threshold limit and the concentrations are measured 

with an O3 analyser having a typical precision of 5 %. Above the threshold, a 5 % change in 

O3 can only produce an uncertainty in NO2 of less than 0.5 %. 

 

 

 

Fig. 2.12: NO2 loss due to increase in O3 inside the GANDALF calibrator. 
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2.3.2.2 Residence time  

A NOx analyser 20  is used to determine the remaining concentrations of NO inside the 

calibrator after the gas phase titration. About 99 % of NO is utilised in the gas phase titration 

for most of the cases at O3 > 1.3 ppmv. Based on NO and O3 concentrations, there are two 

different regimes inside the calibration system as a function of flow rate: (1) reaction 

chamber for the gas phase titration (2) dilution with synthetic air after the reaction chamber. 

For the calibration system, the total residence time for the synthetic calibration gas is 

determined by using Eq. 2.3. 

 

         231.1131.1 tODktOk
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In Eq. 2.3, ‘NOGPT’ is measured with a NOx analyser and is defined as ‘the remaining 

concentration of NO in the calibration gas after the gas phase titration and dilution’. ‘NOi’ is 

the initial concentration of NO without the gas phase titration. ‘D’ is the dilution factor and is 

a ratio between the reaction chamber flows to total flow. ‘t1’ is the residence time for the 

reaction chamber and ‘t2’ is the travel time for gas required after the reaction chamber to the 

inlet of GANDALF. ‘O3’ is the concentration inside the reaction chamber and is measured 

with a commercial UV-photometer21. ‘k1.1’ is the temperature dependent rate coefficient for 

R. 1.1. There are two slightly different values reported in the literature for ‘k1.1’ as follows: 

 

k1.1 = 3×10-12×e (-1500/T)  (Sander et al., 2011b)     (JPL)  

 

k1.1 = 1.4×10-12×e (-1310/T) (Atkinson et al., 2004)    (IUPAC) 

 

                                                 

20 Model: ECO PHYSICS CLD 780 TR, Switzerland 
21 ANSYCO, O3-41M, ‘Analytische Systeme und Componenten GmbH’, Germany 
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Based on Eq. 2.3, the average value of total residence time ‘[t1 + D t2]’ is 7.32 s (JPL) with a 

variability of 0.25 s and 8.38 s (IUPAC) with a variability of 0.29 s. The estimated accuracy 

of these two values of the total residence time is 6.5 % (1σ). The calculated total residence 

time with assumption of plug flow is 7.73 s. The likelihoods for being accurate for 

k1.1 (IUPAC) and k1.1 (JPL) are indistinguishable with respect to plug flow assumption as 

shown in Fig. 2.13, with blue and green shaded areas for k1.1 (IUPAC) and k1.1 (JPL), 

respectively.  

 

 

 

Fig. 2.13: Residence time for NO2 calibration gas in the calibrator.  

 

 

2.3.2.3 Effect of temperature and pressure 

The temperature and pressure also affect the formation of NO2 inside the reaction chamber. 

These effects are tested with the BM. In simulations, all parameters except temperature or 

pressure are kept constant. The change in temperature always affects the rate of the reactions. 
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At low temperatures, the reaction between NO and O3 slows, and the conversion efficiency 

from NO to NO2 can be disturbed for a constant residence time. The temperature inside the 

GANDALF’s calibrator is about 30 to 40 °C. The BM simulation suggested that any change 

in the temperature within an interval of [5, 45 °C] leads to an uncertainty of only 1 % (1σ). 

Similarly, the effect on the calibration gas due to a change in the atmospheric pressure is not 

significant. Based on the BM simulation, the uncertainty in the NO2 concentration of 

calibration gas due to a change in the atmospheric pressure over an interval of 

[800, 1013.25] hPa can be maximally 0.5 % (1σ). Fig. 2.14 and Fig. 2.15 show the plot (BM) 

for NO2 formation versus residence time inside the reaction chamber at different temperatures 

and pressures, respectively. Notice in the figures of BM simulations that the mixing ratios of 

formed NO2 are fairly constant from a residence time of 6 s to 7.5 s.  

 

 

 

Fig. 2.14: NO2 concentrations (BM simulation) inside the calibrator as a function of time 

based on different temperatures.  
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Fig. 2.15: NO2 concentrations (BM simulation) inside the calibrator as a function of time for 

different pressures (mbar or hPa).  
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2.3.2.4 Atmospheric H2O vapour dependency 

The calibration gas for GANDALF primarily contains N2 (~79.5 %) and O2 (~20.5 %) with 

H2O vapour (< 25 ppmv). The level of H2O vapour in the atmosphere reaches up to 3 % 

(Seinfeld and Pandis, 2006). The sensitivity of the instrument is mainly reduced by rising the 

atmospheric H2O vapour because an increase of atmospheric H2O vapour leads to an increase 

in the quenching of NO2 fluorescence. The effect of atmospheric H2O vapour on sensitivity is 

corrected for by the simultaneous measurement of H2O vapour in the atmosphere. The H2O 

dependency is checked by diluting the calibration gas with known amounts of water vapour 

concentrations. The H2O concentrations are determined with an existing calibration system 

for the LIF-OH instrument (Martinez et al., 2010).  

The effect observed for H2O vapour is slightly different for channel 20 - 23 and 

channel 24 - 38. In the data analysis, each of the sections is evaluated for H2O vapour 

dependency separately. Fig. 2.16 (L) shows a plot for the LN of intensity with respect to time 

and based on different H2O concentrations. The distinguishing slopes in Fig. 2.16 (L) for the 

two sections present relevant quenching effects. Fig. 2.16 (R) demonstrates the effects of 

change in the atmospheric H2O on the sensitivity of GANDALF. The decrease in the 

sensitivity for channel 20 - 23 and channel 24 - 38 is 4.5 % ± 0.3 % (1σ) and 

5 % ± 0.3 % (1σ), respectively, at 1 % of atmospheric H2O vapour.  

 

 

 

Fig. 2.16: The dependence of NO2 fluorescence intensity on increasing water vapour 

concentrations in GANDALF (L). Change in sensitivity (normalised to zero H2O %) due to 

change in water vapour (scale equivalent to atmospheric H2O %) (R). 

(L) (R) 
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2.3.3 Automated calibration setup  

A robust calibration system has been developed for the automated calibration of the 

instrument. GANDALF is calibrated 4 - 8 times per day during a field operation to determine 

changes in the sensitivity and shift in the background level of the instrument. An example for 

a plot of the instrument signal counts (s-1) versus known amount of NO2 concentration is 

shown in Fig. 2.17. The calibration system is controlled by Mass Flow Controllers (MFC)22 

and electronic valves23. All MFC are calibrated using a DryCal24 sensor which is trace able to 

a NIST standard (NIST traceability is confirmed by Westphal25). The uncertainty in operating 

range of flow, based on a certified value is 1 % (level of confidence 95 %). O3 is generated 

for the calibration using an ozone generator26. The concentrations of O3 are measured from 

time to time by using a commercial UV photometer. Different NO2 mixing ratios are 

achieved by changing the NO flow (range up to 10 ± 0.1 sccm), whereby the O3 

concentration (> 1.3 ppmv) and flow (500 ± 5 sccm) are kept constant. Fig. 2.18 shows a 

schematic of the setup for the automated calibration procedure of GANDALF. A small 

calibration pump (Cal. pump) is connected to the main sampling line of GANDALF. A three-

way electronic valve (EV2) and manual needle valve (MNV) are attached in front of the Cal. 

pump. To achieve residence time of less than 0.1 s in the sampling line for minimising the 

line effects (e.g. decomposition of species like PAN, chemical reaction of the ambient NO 

and O3 etc.), a flow ≥ 10000 sccm is required during ambient air measurements. GANDALF 

has a flow of 4100 sccm through the pin hole and the rest of the flow is diverted to a main 

exhaust by the Cal. pump. The EV2 opens line L1 or L2 for the Cal. Pump at positions P1 or 

P2, respectively. The amount of total sampling flow can be increased or decreased by 

adjusting the MNV. During ambient air measurements, EV2 is opened for L1 at position P1 

and allows an extra flow of about 8000 - 9000 sccm to pass from the sampling flow to the 

Cal. Pump, as shown by the L1 line (green) plus arrow (white) in Fig. 2.18. Line L1 is 

simultaneously used to condition the NO calibration line with a flow of 2 sccm NO gas.  

Frequent zero-air measurements (once per hour during PARADE-2011 for example) are 

necessary to monitor changes in the background level of GANDALF. During background 

level measurements, an excess of zero-air 3900 sccm (aqua colour arrow, Fig. 2.18)  is 

                                                 

22 MKS Instruments and Bronkhorst HIGH-TECH B.V, USA 
23 Solenoid Operated Diaphragm, Galtek, USA 
24 DC-2, BIOS International Corporation , USA 
25 WESTPHAL measurement and control technique GmbH & Co. KG, Germany 
26 SOG2, 185nm, UVP - Ultraviolet Products, USA 



 

2.3 Calibration system 

50 

diverted to the Cal. pump through the line L1 at P1(EV2) along with 5100 sccm flow of 

ambient air. A three-way electronic valve (EV3) with MFC (Syn.) is used to switch synthetic 

air background flow (8000 ± 80 sccm) on and off in the line L3 at P2 (EV3) and the dilution 

of NO2 calibration gas at P1 (EV3). During calibration of GANDALF, EV2 is open in the 

line L2 at P2 to take an overflow of 3900 sccm with 5100 sccm from the ambient as shown 

with the red colour line (L2) in Fig. 2.18. For the gas phase titration, the flow of O3 is switch 

on and off with two-way electronic valve EV1 and MFC (O3). The flow of NO (1 - 10 sccm) 

is controlled by a MFC (NO) as shown in Fig. 2.18. Since all overflows are diverted to an 

exhaust, this setup allows frequent checks of the GANDALF’s sensitivity and background 

level without disturbing the ambient conditions for a nearby operating instrument. Based on 

calibrations during PARADE-2011, the deviation in repeatability of the sensitivity was less 

than 2.7 % (1σ).  The overall uncertainty of the calibration system taking propagation of 

errors into account is better than 5 % (1σ). 

 

 

Fig. 2.17: A plot between known amounts of NO2 versus the fluorescence signal as an 

example of the calibration of GANDALF. The calibration constant αc (Eq. 2.1) is determined 

by the slope of the curve. 
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2.4 Interferences by trace species  

There can be several atmospheric gas species that can absorb the laser light inside the 

detection cell and undergo a process of photodissociation and fluorescence. These processes 

can lead to interference for the NO2 measurements with GANDALF directly 

(photodissociation process) or indirectly (fluorescence). The absorption cross-section of 

several abundant gas species is checked at the wavelength of the diode laser. Iodine 

monoxide (IO) has an absorption cross-section [3.9 × 10-18 cm2 molecule-1, (Harwood et al., 

1997)] factor about 8 times higher than NO2 at 449 nm and the presence of IO has been 

reported in the marine areas (Commane et al., 2011). Even a few pptv of IO in the atmosphere 

can contribute significantly to the fluorescence signal of NO2, but the fluorescence lifetime of 

IO is only 1-10 ns [e.g. (Bekooy et al., 1983;Newman et al., 1998)]. The initial 20 ns signal 

during laser off period is neglected in the GANDALF data evaluation and therefore after 

20 ns the IO fluorescence signal is insignificant to interfere with the NO2 fluorescence signal. 

 Nitrogen containing inorganic species (NO3, N2O5, HONO2, HO2NO2, PAN, ClONO, 

ClNO2, and ClONO2) can produce NO2 by photodissociation and this can happen inside the 

detection cell. The absorption cross-sections at 449 nm has not been reported in literature for 

these gas species [N2O5 (Harwood et al., 1993), HONO2 (Burkholder et al., 1993), 

HO2NO2 (Singer et al., 1989), PAN (Talukdar et al., 1995), and ClONO (Molina and Molina, 

1977)] and it is not known that these species exhibit any absorption of the laser light resulting 

in photodissociation. The absorption cross-section for the gas species [ClONO2 (Molina and 

Molina, 1979), and ClNO2 (Ghosh et al., 2012)] is a factor about 104 smaller than NO2 at 

449 nm and can therefore be neglected.  

 NO3 has a larger absorption cross-section (Wayne et al., 1991) at 449 nm compared to 

previously described nitrogen containing inorganic species. The effective absorption cross-

section [calculated from (Wayne et al., 1991)] is about a factor of 2 smaller compared to that 

of NO2 at the wavelength of the diode laser. NO3 also has a red-shifted fluorescence spectra 

(Wood et al., 2003) similar to the case of NO2. So NO3 is the species with the most potential 

to interfere with NO2 measurements in GANDALF. The recommended quantum yield of NO3 

is about 1 at wavelengths below 585 nm (Sander et al., 2011b); hence, its fluorescence is not 

likely to interfere with the NO2 fluorescence because the photodissociation of NO3 to NO2 is 

by far the most dominant process present inside the detection cell. Interference from 

photodissociation of NO3 is a two-photon process for the instrument as below:  

NO3 + hυDiodeLaser → NO2 + hυDiodeLaser → NO2
* → NO2 + hυ´ 
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The ratio of the atmospheric concentration between NO2 and NO3 is very high e.g. during 

PARADE the median value of the ratio NO2 / NO3 = 430 at NO3 > 0 with a minimum value 

12, so the impact of NO3 to NO2 conversion compared to the ambient NO2 is insignificant 

inside the detection cell (e.g. Eq. 2.5). A relative contribution [NO3 → NO2 / NO2(ambient)] of 

1% is achievable inside the detection cell only if NO3 in the atmosphere is a factor about 62 

larger than NO2, but this scenario is highly unlikely, as NO3 will always be smaller than NO2 

in the atmosphere. The photodissociation lifetime of NO3 is about 1.2 × 104 μs (Eq. 2.4) 

while the residence time in the beam of the laser is only about 2 μs. So the efficiency of the 

one-photon process (ambient NO2 + hυDiodeLaser → NO2
* → NO2 + hυ´) will always greater 

than the two-photon process as previously described in this paragraph, so it will predominate.  
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 Eq. 2.5 

 Alkenes and aromatics (aldehydes and benzene) are also abundant in the troposphere. 

The absorption cross-sections of alkenes and aromatics exist in the UV range (< 300 nm) 

(Keller-Rudek et al., 2013), well below the visible wavelengths and cannot interfere with 

GANDALF (contains blue laser light). To minimise the impact of heterogeneous or thermal 
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conversion of species like, PAN, HO2NO2, and N2O5 to yield NO2, a short residence time of 

< 0.1 s is generally used by keeping the sampling flow high [e.g. PARADE ≈ 12000 sccm in 

0.1 m long sampling line, (Section 3.2 and 7.3.1.4)]. The systematic dependency on the 

several measured atmospheric quantities was checked for differences between GANDALF 

and other measurements of NO2 during PARADE-2011. No evidence of systematic 

correlation for a potential interference is observed for GANDALF (Section 3.2.2). 

 

 

2.5 Precision and limit of detection  

The precision of the instrument is evaluated by taking random individual calibration points 

into account during the field experiment (PARADE-2011) and the relative precision of 

GANDALF is shown in Fig. 2.19 for these data points. The relative precision on calibration 

points was better than 0.5 % (1 σ min-1) for most of the data points despite a few outliers 

(Fig. 2.19). An absolute value of 3 pptv is required to add in the relative precision for overall 

precision of GANDALF. The absolute value of 3 pptv (1σ) is obtained from an offset of a fit 

between absolute precision of calibration points verses the mixing ratios of NO2. This 

absolute value arises from variability in the zero-air signal. The variations in background 

level signal for GANDALF follows a square root dependency on integration time. These 

variations around an average value for zero-air mostly control precision of the instrument 

close to detection limit. The zero-air deviations can be reduced by using a high averaging 

interval. The precision of the instrument background level was also investigated using a 

continous signal of zero-air for about 50 minutes. In order to verify the square root 

dependency of the signal variability on integration time, an Allan deviation plot is used 

(Riley, 1995;Land et al., 2007). Fig. 2.20 shows an overlapping (Riley, 2008) Allan deviation 

plot of variations in a background level with respect to averaging time. The variations in 

background level with a 60 s integration time is equivalent to an absolute NO2 value of about 

3 pptv. This plot (Fig. 2.20) also shows that the random noise of the instrument background 

level can be reduced by averaging, with square root dependency of time, up to a 500 s period. 

The background level of GANDALF is frequantly checked during a field operation (e.g. 

during PARADE, 1 background level check per hour). An extra variable uncertainty can also 

be involved that depends on the time interval between two background level measurements 

(Section 3.2).  
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The background level is important for defining the limit of detection (LOD). It can be 

assessed by the variation of the zero-air signal. Based on an Allan deviation plot (Fig. 2.20), a 

limit of detection about 3 pptv of NO2 for 1 minute averages is expected and even lower for 

higher averages of time up to 500 s. In this case the LOD of GANDALF is calculated based 

on relation (Eq. 2.6) by considering a background level twice to the actual background level. 

 

t

S2

α

SNR
LOD BG

c

         Eq. 2.6 

 

In Eq. 2.6, αc is the calibration factor or sensitivity in counts (s-1 ppb-1) and SNR is 2. SBG is 

synthetic air background in counts (s-1) and ‘t’ is the averaging time in seconds. The LOD for 

GANDALF, based on sensitivity and background measurements during the field experiment 

(PARADE-2011), varied between 5 and 10pptv. 

 

 

Fig. 2.19: Relative precision check of GANDALF for randomly selected NO2 calibration 

points.  
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Fig. 2.20: An overlapping Allan deviation plot for the dependence of the 1σ variation in the 

background level vs. integration time. 
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2.6 Overview of different LIF instruments 

 

Table 2.1: Overview of different LIF instruments (operating parameters and LOD) 

Reference λlaser type 

 

(nm) 

Laser 

power 

(mW) 

Abs. cross-sec. 

( × 10-19) 

cm2 molecule-1 

Cell 

pressure 

(Pa) 

LOD 

[SNR = 2] 

(pptv min-1) 

(George and Obrien, 1991) 532 27 250 1.5 37 600 

(Fong and Brune, 1997) 565 28 250 0.6 1000 460 

(Thornton et al., 2000) 585 29 100-400 1 467 6 

(Matsumi et al., 2001) 440 30 100 7 35 12 

(Matsumoto et al., 2001) 523.5 31 360 1.4 93 125 

(Cleary et al., 2002) 640.2 32 16 3.9 C 27 145 

(Matsumoto and Kajii, 2003) 532 33 6500 1.5 267 4 

(Taketani et al., 2007) 410 34, 473 35 10, 15 6, 3 67 390, 140 

(Parra and George, 2009) 406.3 36 35 6 101325 2000 A 

(Dari-Salisburgo et al., 2009) 532 37 8000-12000 1.5 60 12 

GANDALF 
447- 450 38 max.  200 5.3 E 700 5-10 

 

E Effective absorption cross-section (Section 2.1.1.1).  

C Cooling enhancement.  

A Ambient pressure in the detection cell. 

 

 

                                                 

27 Nd:YAG laser 
28 Copper vapour laser-pumped dye laser 
29 Pulsed YAG-pumped dye laser 
30 Optical parametric oscillator laser 
31 Nd:YLF laser harmonic 
32 External-cavity tunable diode laser 
33 Nd:YVO4 pulse laser pumped by a solid-state laser 
34 GaN-based laser diode 
35 Diode-pumped Nd:YAG laser 
36 CW GaN semiconductor laser diode 
37 YAG Q-switched intra-cavity doubled laser 
38 CW diode laser 
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3 Field Experiment: PARADE-2011 

An overview of the conditions is provided in this chapter. The intercomparison of NO2-

measurements and O3-related photochemistry is discussed in up-coming sections. 

 

3.1 Overview   

The PARADE (PArticles and RAdicals: Diel observations of the impact of urban and 

biogenic Emissions) field experiment took place at the Taunus Observatory on Kleiner 

Feldberg (825m ASL; 50° 13’ 25’’ N, 8° 26’ 56’’ E), in Germany from the 15th of August 

(DOY39 = 226) to the 9th of September (DOY = 251) 2011. The general focus of PARADE 

was to investigate summertime biogenic emissions and photochemistry in a semi-rural 

environment. A description of conditions from previous observations can be found in 

(Crowley et al., 2010). The objective of PARADE was to investigate the photochemistry at 

the interface between the biosphere and the lower troposphere. This includes the study of 

nitryl chloride’s chemistry (Phillips et al., 2012), the VOCs emission response of Norway 

spruce (Picea abies) trees with seasonal variations (Bourtsoukidis et al., 2012;2014) and 

related effect of the total OH reactivity (Nölscher et al., 2013), and the impact of radicals on 

aerosol chemistry (Bonn et al., 2013). In this chapter, NO2 measurements with GANDALF 

are discussed in comparison to other instruments. A budget for the O3 photochemistry is 

presented to estimate the O3 tendency of the region.  

 

3.1.1 Site description and meteorological conditions 

The observatory is located in the vicinity of the Taunus region at the hilltop of Kleiner 

Feldberg (Fig. 3.1). The measurement site is a semi-rural area with significant biogenic 

emissions. A total area of 5 km radius around the observatory is dominated by coniferous 

(40 %), broad-leaved (32.5 %), and mixed forest (9 %). The coniferous forest is a major 

contributor of biogenic emissions from the northeast side, whereas the southwest side is 

dominated by broad leaved forest. The measurement platform (Fig. 3.4) was located at the 

top of the observatory. The area around the platform (in 50 m radius) has only a few trees and 

the land is covered with grass and blueberry bushes. The site is often affected by 

                                                 

39 DOY (Day of year 2011) 
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anthropogenic activities of nearby cities such as Frankfurt/Main (30 km SE), Wiesbaden (20 

km SW), Mainz (25 km SSW), and 

some roads within 5 - 10 km, 

depending on the wind directions. To 

provide an overview of the area around 

the observatory (50 km radius), Table 

3.1 shows a percentage composition of 

different land uses. 

 The temperature during 

PARADE varied within the range of 

5 - 28 °C with an overall average of 

14.8°C. The temperature conditions 

during PARADE can be separated into two phases. The periods of DOY = 226 - 237 and 

DOY = 243 - 246) for PARADE were slightly warmer and the temperature mostly stayed 

above 15 °C, whereas in the other periods of DOY = 238 - 242 and DOY = 248 - 252 the 

temperature was below 15°C.  The relative humidity (RH) had an overall average value of 

77 % and variations within the interval of [37, 100] %. There were several episodes of rain 

during PARADE. In the later part of the campaign, consistent fog was persisted in the early 

morning hours. An overview of several measured meteorological parameters is presented in 

Fig. 3.2. 

 

 

 

 

 

 

Fig. 3.2: Time series of some 

meteorological parameters 

during PARADE-2011.

Fig. 3.1: Orography of the Taunus region 

[adapted from (Handisides, 2001)] 
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The dominant air mass at the observatory arrived from the southwest (SW) to the northwest 

(NW) side of Kleiner Feldberg.  Based on HYSPLIT (Hybrid Single-Particle Lagrangian 

Integrated Trajectory) (Draxler and Hess, 1998) back trajectories  for 48h, the air mass 

originated from five different sectors (Phillips et al., 2012;Thieser, 2013). In the initial period 

of PARADE (15 - 26 August), its origin was from the south to west wind sectors over the 

Continental region, with some contributions from the Mediterranean Sea, whereas during the 

period of 29 - 31 August, contributions from the UK were dominant. In the last phase of 

PARADE (5 - 10 September), its origin was westerly coming from Atlantic. Fig. 3.3 shows 

wind rose frequency distributions measured at the observatory over a Google map view. The 

shaded area in Fig. 3.3 shows an expected high anthropogenic influence. 

 

 

 

Fig. 3.3: Frequency distributions of wind directions with wind speed (colour-coded: wind 

speed in ms-1).  [Google Map view40].   

                                                 

40  www.google.com/maps/ 
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Table 3.1: Land use within a radius of 50 km.  

Land use 50 km radius  

 % 

NW 

 % 

NE 

 % 

SW 

 % 

SE 

 % 

URBAN FABRIC (continuous) 0.10 0.01 0.02 0.12 0.24 

URBAN FABRIC (discontinuous) 10.91 6.33 9.41 10.15 17.76 

INDUSTRIAL & COMERCIAL UNITS 1.78 0.36 0.86 1.58 4.35 

ROAD AND RAIL NETWORKS 0.12 0.04 0.07 0.05 0.32 

PORT AREAS 0.06 - - 0.09 0.13 

AIRPORTS 0.30 - - 0.18 1.03 

MINERAL EXTRACTION SITES 0.23 0.32 0.18 0.11 0.31 

DUMP SITES 0.09 0.04 0.02 0.22 0.09 

CONSTRUCTION SITES 0.01 - - - 0.04 

GREEN URBAN AREAS 0.41 0.01 0.16 0.35 1.13 

SPORT FACILITES 0.54 0.17 0.23 0.40 1.34 

NON IRRIGATED ARABLE LAND 32.52 29.56 40.33 31.37 28.80 

VINEYARDS 2.35 - - 9.36 0.03 

FRUIT TREES & BERRY PLANTATIONS 1.06 - 1.03 2.35 0.87 

PASTURES 7.91 14.90 9.18 3.01 4.54 

COMPLEX CULTIVATION PATTERNS 4.40 4.95 4.36 4.44 3.85 

AGRICULTURE AND NATURAL VEG. 1.34 2.01 1.19 1.52 0.66 

BROAD-LEAVED FOREST 19.77 26.94 19.91 20.07 12.14 

CONIFEROUS FOREST 5.46 2.56 4.30 3.70 11.30 

MIXED FOREST 9.38 11.57 8.24 8.06 9.64 

NATURAL GRASSLANDS 0.31 0.05 0.24 0.53 0.41 

TRANSITIONAL WOODLAND-SHRUB 0.18 0.15 0.08 0.30 0.18 

SPARSELY VEGETATED AREAS 0.01 - 0.04 - - 

INLAND MARSHES 0.04 - 0.02 0.13 - 

WATER COURSES 0.59 - - 1.86 0.49 

WATER BODIES 0.15 0.03 0.14 0.08 0.36 

Table 3.1 is adapted from the analysis of land uses41.           

                                                 

41 Analysis of land uses 

Prepared by: Pablo J. Hidalgo (University of Huelva) 

Digital cartographic database: Corine Land Cover’2006  

(http://www.eea.europa.eu/publications/COR0-landcover) 

- Corine Land Cover 2006 raster data - version 13 (02/2010) 

- 100 meters resolution raster data on land cover for the CLC2006 inventory. 

- Data file: g100_06.tif, available at http://www.eea.europa.eu/data-and-maps/data/corine-land-cover-2006-raster/  

http://www.eea.europa.eu/publications/COR0-landcover
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3.1.2 Instrumentation   

Sampling lines for most of the trace gas monitoring instruments were located within a 5 m 

area at the top of the platform (Fig. 3.4). The height of the platform was about 8 m above 

ground and the top of platform was above 

the forest canopy. A brief overview of the 

instrumentation during PARADE and their 

uncertainties with detection limits is 

presented in Table 3.2. Note that all data 

sets for analysis are based on available 

10 minute averages. 

 

 

 

 

 

Table 3.2: An overview of instrumental methods deployed during PARADE. 

Parameters Instrument/Technique Limit of 

detection 

Uncertainties of 

measurements 

Operator 

O3 UV Photometric An. 1 ppbv 4 ppbv; 1.6 % MPICI  

NO CLD 4 pptv / 2s 21 pptv; 4 % MPIC  

CO RT-QCLS 3 ppbv / 1 s 5 % MPIC  

CO2 NDIR Abs.  1.5 ppmv UMII 

H2O2 

HCHO 

AL2021 32.9 pptv / 3 s 

25.4 pptv /3 s 

14.2 % 

14.3 % 

MPIC  

NO2 See!  Table 3.3    

PAN 

PAA 

ClNO2 

Iodide CIMS - 20 % + 2 pptv 

20 % + 2 pptv 

25 % + 2 pptv 

MPIC  

NO3 

N2O5 

CRDS 2 - 3 pptv 

5 - 6 pptv 

20 % + 2 pptv 

15 % + 2 pptv 

MPIC 

ANs TD-CRDS > 50 pptv 5 - 6 % MPIC  

                                                                                                                                                        

 

Platform  

Picture by U. Javed (MPIC) 

Fig. 3.4: The platform location at the Taunus 

Observatory on Kleiner Feldberg 
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PANs > 50 pptv 5 - 6 % 

OH, HO2 LIF 4 × 105 cm-3, 

0.2 pptv
 

Accu.= 30 %, 30 % 

Prec.= 30 %, 5 % 

MPIC  

ROx
 = Σ (RO2) + HO2

 PeRCA 1 - 3 pptv 50 % IUP-UBIII 

OH reactivity CRM/PTR-MS 4 s-1 20 % MPIC  

BVOCs TD-GC-MS 10 pptv 20 - 30 % MPIC 

NMHC(C2 - C12) GC-FID - - MPIC 

Methanol, toluene PTR-TOF-MS 0.24 ppbv, 

13 pptv 

5 - 7 % UWIV 

H2SO4 CIMS 4 × 104 cm-3 - GUFV 

Aerosol size 

distribution 

FMPS, APS - - MPIC  

Photolysis rates CCD spectrometer - > 10 % FZ JülichVI 

HONO LOPAP 7 pptv 10 % FZ Jülich 

Particle size dist. Nano-SMPS - - GUF  

NO2, NO3, O3, 

SO2, HCHO, 

HONO  

LPDOAS - 2 %, 2 %, 2 %, 

0.1 %, 5 %, 

5 % 

IUP-HDVII 

Meteo. 

 

- - - GUF, 

DWDVIII, 

HLUGIX 

 

I MAX-PLANCK-INSTITUT FÜR CHEMIE 

(Department of Air Chemistry, Particle Chemistry, Satellite Research Group and Biogeochemistry) 

II JOHANNES GUTENBERG UNIVERSITÄT Mainz (Atmospheric Physics Department) 

III UNIVERSITÄT Bremen (Institute of Environmental Physics) 

IV BERGISCHE UNIVERSITÄT Wuppertal (Atmospheric Physics Group) 

V GOETHE UNIVERSITÄT Frankfurt (Institute for Atmospheric and Environmental Sciences) 

VI FORSCHUNGSZENTRUM Jülich (Institut for Atmospheric Chemistry, Institute for Energy and Climate 

Research) 

VII RUPRECHT-KARLS-UNIVERSITÄT Heidelberg (Institute of Environmental Physics)  

VIII Deutscher Wetterdienst 

IX Hessisches Landesamt für Umwelt und Geologie 
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3.1.3 Time series PARADE-2011 

Time series of selected atmospheric trace gases measurements and photolysis frequencies 

during PARADE are shown in Fig. 3.5. The photolysis frequency of NO2 (jNO2) was 

measured using a CCD-array (charge-coupled device)  actinic spectroradiometer above the 

canopy; the details about the instrument and operating principle are described elsewhere 

(Bohn et al., 2008). The local time at the location was UTC (Coordinated Universal 

Time) + 2.  

 High values of jNO2 up to 0.01 s-1 were observed around 11:00 UTC. The overall 

median concentration of NOx (NO + NO2) was 2.1 ppbv with variations in the range of 

[0.44, 21] ppbv. NO was measured by using a chemoluminescence detector (CLD) at the top 

of the platform. This method is a direct technique for NO measurements and is based on 

chemiluminescent gas phase reaction of NO and O3 to yield excited NO2 (Fontijn et al., 

1970); the emitted photons from the chemiluminescent reaction are proportional to the 

ambient levels of NO. The instrument setup for NO was similar to the one described by 

(Hosaynali Beygi et al., 2011). NO was higher corresponding to daytime from 4:00 to 

19:00 UTC with a maximum concentration of about 5 ppbv. The median concentration of NO 

over the entire period during daytime and night time was 0.2 ± 0.5 (1σ) ppbv and 

4 ± 5 (1σ) pptv, respectively. NO2 was measured with several different techniques (Table 3.3). 

Based on the measurements of GANDALF (Chapter 1) the median concentration of NO2 for 

the entire period of PARADE was 2.0 ± 2.1 (1σ) ppbv with minimum and maximum 

concentrations of 0.41 ppbv and 20.8 ppbv, respectively. Higher concentrations of NO2 were 

observed during rush hours in the morning and evening times (Fig. 3.5).  

 The concentrations of O3 varied from ]9, 90[ ppbv, with an overall median value of 

41.3 ppbv. O3 was measured based on the UV absorption method with an O3 analyser 

(Thermo-Electron, model 49C, USA), that shared the sampling line with the CLD instrument. 

O3 concentrations have shown a dip on several occasions with high NO and NO2 

concentrations. This dip can be related to fresh NO emissions at roads close by the 

observatory. An increase in O3 was observed under sunny conditions due to photochemical 

production on several days during the initial part of the campaign. The daily profile of O3 

shows maximum concentrations at afternoon to evening times for the entire period. During 

night time a decreasing trend was observed in O3 for PARADE.  

 CO was measured by using a quantum cascade laser based spectrometer in the mid-

infrared (about 2190 cm-1). A description of the instrument can be found in (Li et al., 
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2012).The concentration of CO varied from [71, 180] ppbv with a median value of 99 ppbv for 

the entire period of PARADE. In general, there was a co-existence between the elevated 

levels of NOx and CO. This is appeared to be related with a transport of wind from regions 

with higher concentrations of pollutants.  

 The biogenic volatile organic compounds (BVOCs) were measured above the canopy 

by using a Thermal Desorber Gas Chromatograph Mass Spectrometer (TD-GC-MS) and the 

setup for the instrument was similar to the one described previously for a different location 

(Song et al., 2011). Measured ΣBVOCs42 showed a pronounced diurnal cycle with maximum 

value of about half a ppbv at 16:00 UTC. The overall median value of ΣBVOCs 

concentrations was 137 pptv with a standard deviation of 76 pptv. Also a set of BVOCs 

concentrations was measured close to the forest edge within a dynamical plant cuvette 

(Bourtsoukidis et al., 2012). The concentrations derived from the cuvette measurement are 

roughly a factor about 10 higher than the concentrations measured at the top of platform 

(about 60 m away in the open) with TD-GC-MS instrument. A clear decline in levels of 

BVOCs at the platform is present compared to inside the cuvette and this decline is mainly 

related to the dilution.  

 The measurements of total ROx (HO2 + RO2) were also available throughout the 

intensive period of the campaign. The measurements of ROx are based on the PeRCA 

(Peroxy Radical Chemical Amplification) technique. The technique is an indirect method for 

the detection of ROx. In the PeRCA instrument, ROx is chemically converted into NO2 in a 

chain reaction and subsequently the resultant NO2 is detected (Andrés-Hernández et al., 

2001). The uncertainty of ROx measurements were high (overall 50 % level reported) due to 

potential malfunction in the PeRCA instrument. The ROx data is averaged over 10 min. 

intervals by using a Savitzky-Golay filter (Savitzky and Golay, 1964). ROx averages showed 

a positive trend with temperature but no trend with the measured BVOCs. The median value 

of the ROx concentrations for the entire period was 8 ± 6 (1σ) pptv with a maximum value of 

39 pptv.  

 The total OH loss rate (OH reactivity) was also measured using a Comparative 

Reactivity Method (Nölscher et al., 2012) above the forest canopy. The observed OH 

reactivity reached up to the value of about 7.7 s-1 with an overall median value of 1.28 s-1 for 

the entire period. For most of the period of PARADE, the total OH reactivity was low and the 

measurements were under the detection limit (4 s-1) of the instrument. 

                                                 

42 Σ(Isoprene+α-pinene+myrcene+limonene) 
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 In the later period of PARADE, OH (beginning on DOY = 242) and HO2 (beginning 

on DOY = 246) radicals were measured with a LIF instrument above the canopy using a 

setup similar to the one as described for HUMPPA (Hens et al., 2013). The median observed 

concentrations of OH and HO2 were 9 ± 3.1 (1σ)×105 molecule cm-3 and 3 ± 1.53 (1σ) pptv, 

respectively for the measurement period. A correlation between OH and the photolysis 

frequency of O3 (jO1D) was used to estimate OH concentrations for the entire duration of 

PARADE. This correlation is described by an empirical power-law function as (Eq. 3.1) 

(Rohrer and Berresheim, 2006).  

 

    cDjOa
b


1
OH         Eq. 3.1 

 

Where coefficients ‘a’, ‘b’, and ‘c’ describe the average influence of ‘reactants’, ‘light 

dependent’ and ‘light independent’ processes on OH. A least squares fit (appendix 7.3.1.3) of 

the function for the measured OH (in molecule cm-3) versus jO1D / 10-5 (s-1) yields 

‘a’ (slope) = 5.18 ± 0.2 (1σ) ×105 and ‘b’ = 0.88 ± 0.07 (1σ). The parameters are obtained by 

neglecting night time data of measured OH [@ jO1D > 1 × 10-7 s-1] and the parameter ‘c’, in 

order of -104 molecule cm-3, can be neglected compared to the atmospheric OH 

concentrations (in order of 105 - 106 molecule cm-3). The calculated concentrations of OH for 

PARADE vary over the range of [0.008, 1.3] × 106 molecule cm-3. The relative uncertainty 

(100 %) of the calculated OH based on the function (Eq. 3.1) is estimated from 1σ residuals 

of the fit. A linear correlation between jO1D and HO2 was observed for PARADE and it is 

used to estimate HO2 for the total period of the campaign. Based on filtered data for 

jO1D > 1 × 10-7 s-1 (neglecting night data), the correlation between the measured HO2 (in 

pptv) and jO1D / 10-5 (s-1) yields a slope of 2.3 ± 0.3 (1σ) with an offset of 2.1 ± 0.2 (1σ) pptv 

(appendix 7.3.1.3). The offset corresponds to a non-photolytic source e.g. ozonolysis of 

alkenes involved in the production of HO2. The calculated HO2 has a median value of 

3.5 ± 1.7 (1σ) pptv for the entire period. The relative uncertainty of the calculated HO2 is 

< 45 % and is also assessed with 1σ residuals of the fit.  
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3.2 Measurement setup of GANDALF 

GANDALF was deployed outside at the platform on top of a container (Fig. 3.4). The flow in 

the sampling line was 12000 ± 120 sccm. A flow of 4100 ± 41 sccm was required for the 

detection axis, while the excess flow was diverted to an exhaust line by using a second pump. 

The sampling flow rate provided a residence time of less than 0.1 s in a 0.1 m sampling line. 

This was sufficient to suppress the impact of heterogeneous or thermal conversion of PAN, 

peroxynitric acid (HO2NO2), methyl peroxy nitrate (CH3O2NO2) and N2O5 to yield NO2. The 

formation of NO2 in the sampling line was negligible due to the faster reaction between 

ambient NO and O3. The campaign averages of the observed concentrations of NO, O3 and 

NO2 were 0.25 ppbv, 44 ppbv and 2.6 ppbv respectively. Based on average NO and O3 

concentrations, the formation of NO2 from the reaction ‘NO + O3’ in the sampling line was 

less than 0.01 % with respect to the ambient NO2 concentrations. Line loss or photolysis of 

NO2 was avoided by using PTFE lines (Polytetrafluoroethylene) covered with a black heat-

shrink material.   

 The average pressure inside the detection cell for the entire period of PARADE was 

6.95 ± 0.27 (1σ) hPa. Several automated calibrations (2 - 10 per day) and background level 

measurements (once per hour) were conducted during PARADE to ensure the precision and 

accuracy of the instrument. Based on the hourly background level measurements, we 

established that the deviations for 70 % successive background level measurements (no. of 

measurements > 500) were less than an absolute value of 8 pptv of NO2. An overall picture of 

a general setup is presented in Fig. 2.18. A malfunction of the O3 generator had occurred 

within the period of 4 to 9 September that disturbed the GANDALF calibration system. A 

correction of 12 % is introduced for the period of 4 to 9 September, based on the correlation 

of GANDALF with CRDS prior to 4 September. During the last few days from 4 to 

9 September, an extra baffle (7.2.1.2, C) was also installed in GANDALF. The baffle can be 

inserted easily into the detection block of GANDALF without disturbing the alignment of the 

laser. The advantage of the baffle is that it reduces the background counts by ~50 % while 

decreasing sensitivity by less than 5 %.  
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3.2.1 PARADE NO2 comparison  

NO2 concentrations were measured with eight different instruments. Two instruments 

(HLUG and MoLa) were located at ground while six instruments were sampling at the top of 

the platform. The measurement techniques, uncertainties, time resolutions and LOD are 

summarised in Table 3.3 for the instruments located on the platform (Fig. 3.4). The average 

ambient concentrations of NO2 during PARADE were approx. 2 - 3 ppbv with a range of 

approx. 400 pptv to 20 ppbv. NO2 instruments listed in Table 3.3 represent in-situ 

measurement techniques with the exception the LP-DOAS (Long Path Differential Optical 

Absorption Spectroscopy), which is detailed below. 

 LP-DOAS: This instrument is based on traditional Differential Optical Absorption 

Spectroscopy (DOAS) (Platt et al., 1979;Perner and Platt, 1979). DOAS follows the Beer-

Lambert law of absorption to determine total amounts of the atmospheric trace gases (Platt 

and Stutz, 2008). DOAS allows direct and absolute measurements of multiple trace gases in 

the atmosphere by using the distinct absorption band structure of the specific molecule. LP-

DOAS is based on active remote sensing and requires an artificial light source (Chan et al., 

2012). It provides an average concentration of NO2 or other trace gases through quantitative 

detection using the absorption over a light path of typically a few kilometres.  

 CE-DOAS: Cavity-Enhanced DOAS (Platt et al., 2009) measurements of NO2 were 

also available during PARADE. This method is based on absorption spectroscopy in a cavity 

and provides in-situ measurements of trace gases (Platt et al., 2009). CE-DOAS requires 

calibration to quantify the Rayleigh scattering and losses of the cavity.  

 CRDS: Besides the DOAS instruments, another NO2 measurement technique using a 

Cavity Ring-Down Spectrometer (CRDS) was available. CRDS is a cavity-assisted method 

like CE-DOAS (Platt et al., 2009). It is a direct method for in-situ measurements and requires 

calibration of the Rayleigh scattering and losses of the cavity like in the case of CE-DOAS. 

In CRDS, reflective mirrors are used across an optical cavity. To obtain the concentration of 

a trace gas with CRDS, absorption measurements to determine the time constant for 

exponential decay of the light intensity with and without an absorber are made in an optical 

cavity (Brown et al., 2001;Schuster et al., 2009;Paul and Osthoff, 2010;Thieser, 2013). The 

major uncertainty of the above-mentioned methods is due to the error in the absorption cross-

section of NO2.  

 CLD/Blue-light converter: Along with the absolute methods, the concentrations of 

NO2 were determined with a two-channel chemoluminescence detector (CLD). The CLD 
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instrument of MPIC (Table 3.3) is a modified version (Hosaynali Beygi et al., 2011) of the 

ECO-Physics CLD 790 SR. CLD is an indirect method of in-situ NO2 measurement. In this 

technique, NO2 is detected by conversion via photolysis to NO [‘NO2 + hυ (< 420 nm) 

→ NO’] with subsequent detection of NO by chemoluminescence.  

 LIF: This is a direct method for the detection of NO2 based on laser induced 

fluorescence. The description of LIF has already been provided in chapter 1. 

 

Table 3.3: NO2 instruments during PARADE-2011  

(located or sampling at the top of platform) 

Measurements 

(Operator) 

Technique Uncertainty of 

measurements 

Limit of 

detection 

Time 

resolution 

GANDALF 

(MPIC) 

Laser-Induced 

Fluorescence 

5 % (1σ) + 11 pptv   5 - 10 pptv  

1 min-1 

(SNR:2) 

1 s 

CLD  

(MPIC) 

Two-channel 

Chemoluminescence 

Detector 

105 pptv; 10 % 55 pptv  

2 s-1 (1σ) 

2 s 

CRDS 

(MPIC) 

Cavity Ring-Down 

Spectrometer 

5 - 6 %; 20 pptv 50 pptv  

4s-1 (2σ) 

4 s 

CE-DOAS 

(IUP-HD) 

Cavity-Enhanced DOAS 5 - 10 % 300 pptv 30 s 

LP-DOAS 

(IUP-HD) 

Long Path DOAS 2 % - - 

CLD 

(IUP-UB) 

Chemoluminescence 

Detector 

Data is not available. 

 

A median value of the atmospheric NO2 concentration is derived from the NO2 measurements 

of all individual instruments at the platform. For a valid correlation between the derived 

median NO2 and individual NO2 measurements, only those values of the derived median NO2 

were selected when simultaneous data for all NO2 measurements were available. Fig. 3.6 

shows plots of the correlation between individual NO2 measurements and the derived median 

NO2 concentrations. The uncertainty of individual instruments is shown as error bars on the 
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y-axis while horizontal error bars represents the standard deviation of the derived median 

NO2. The regression is done by using a ‘bivariate’ fit according to the method as described in 

(York et al., 2004;Cantrell, 2008). The York method accounts for the uncertainties in both 

dimensions (x-axis and y-axis).  

 The correlation between GANDALF and the derived median NO2 is R2 = 0.99 [panel 

B of Fig. 3.6]. The measurements of GANDALF show an over-estimation of 3 % compared 

to the derived median values of NO2. This overestimation from the derived median value is 

insignificant as it is within the range of the instrument uncertainties. The relative uncertainty 

of GANDALF is about 5 % and it follows an exponential trend versus the absolute NO2 

concentrations. The slope and offset of fit are 1.03 and 0.027 ppbv with the absolute error of 

fit being 0.006 and 0.01 ppbv, respectively.  

 The correlation (R2 = 0.99) between CLD and the derived median NO2 values is 

shown in panel C of Fig. 3.6. Overall, the data of the CLD is about 5 % below the median, 

but this difference is within the uncertainty of the CLD measurement. The reported 

uncertainty of the CLD for the NO2 measurements is the larger of 105 pptv or 10 %. The slope 

and offset are 0.95 and − 0.1 ppbv, respectively. 

 The slope and offset in case of CRDS are 1.06 and 0.01 ppbv with correlation R2 = 

0.99 as shown in the panel D of Fig. 3.6. The reported upper limit of uncertainty in case of 

CRDS is larger of 6 % or 20 pptv. The differences between CRDS and the derived median 

NO2 values are below the limitation of instrument errors in this case as well.  

 LP-DOAS and CE-DOAS instruments showed correlations with the derived median 

NO2 values with R2 = 0.96 and R2 = 1 ([E] and [F] Fig. 3.6), respectively. In the case of LP-

DOAS, the slope is 1.02 with a negligible offset of − 0.002 ppbv. The slope and offset for 

CE-DOAS is 0.92 and − 0.032 ppbv, respectively. In the case of both DOAS instruments, the 

differences from the derived median NO2 values are well within the measurement 

uncertainties (Table 3.3).  

 Generally all instruments for NO2 showed reasonable agreement with the derived 

median NO2. GANDALF (+ 3 %), CRDS (+ 6 %) and LP-DOAS (+ 2 %) showed over-

estimation compared to the derived median values while CLD was about − 5 % and CE-

DOAS about − 8 % below the median values. The overall differences are within the range of 

instrument uncertainties. 
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Fig. 3.6: Correlation plots (Overall [A], GANDALF [B], CLD [C], CRDS [D], LP-

DOAS [E], CE-DOAS [F]) of individual NO2 measurement versus the derived median values 

of all NO2 measurement at platform during PARADE.  

A 

B 

C D 

E F 
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3.2.2 NO2 measurement ratios distribution 

Different measurements of trace gases, meteorological parameters, and photolysis 

frequencies (Table 3.2) during PARADE provided an opportunity to look for any indication 

of a systematic difference between NO2 instruments. The inlets of the in-situ NO2 instruments 

(Table 3.3) were located within a radius of 5 m at the top of platform. Ratios of the individual 

NO2 measurements and GANDALF are calculated and compared in respect of different 

atmospheric parameters, which are referred to as ratios further in this section. The 

distribution of ratios is shown as a histogram in the upper panel of Fig. 3.7 [A1, A2, A3, and 

A4]. The histograms show the distribution of ratios with their respective normal distribution 

fits. The ‘normal probability plot’ for empirical probability versus ratios is shown in the 

lower panel of Fig. 3.7 [B1, B2, B3, and B4]. This plot is interpreted as a graphical 

representation of the normal distribution of ratios. The plot stays linear as long as the 

distributions are normal, and the deviation from the linear fit shows the departure of ratios 

from normal distribution. The solid line in the lower panel of Fig. 3.7 is between the 25th and 

75th interquartile range of a ratio. The gap between probabilities (y-grid lines) is not linear 

and it is representative of the distance between quantiles of normal distribution. 

 The average, median, and standard deviation (STD) values of ratios comparing 

GANDALF with other instruments are given in Table 3.4. The variation in these ratios 

(CRDS/GANDALF, CE-DOAS/GANDALF, and CLD/GANDALF) is small compared to the 

one in case of LP-DOAS/GANDALF. This is expected as the LP-DOAS is not an in-situ 

technique and instead determines an average concentration over the light path. The average 

and median values of ratios are similar in all cases. The ratios CRDS / GANDALF and LP-

DOAS/GANDALF are close to unity, whereas in the case of CE-DOAS/GANDALF and 

CLD/GANDALF, it deviates from unity by 0.15. All ratios generally show a normal 

distribution Fig. 3.7 [A1, A2, A3, and A4] but the skewness in LP-DOAS / GANDALF (A1 

in Fig. 3.7) on both sides of the average value is larger than other cases (A2, A3, and A4 in 

Fig. 3.7).  
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Table 3.4: Overall average, median and standard deviation values of ratios with respect to 

GANDALF and other NO2 measurements during PARADE. 

Ratio Average Median STD (1σ) 

LP-DOAS/GANDALF 0.96 0.97 0.19 

CRDS/GANDALF 1.01 1.01 0.06 

CE-DOAS/GANDALF 0.86 0.86 0.07 

CLD/GANDALF 0.85 0.84 0.09 

 

 

In the lower panel of Fig. 3.7 [B1, B2, B3, and B4], the probabilities show a deviation from 

normality and a tail on top (towards right) and bottom (towards left) sides can be observed. 

Tail is an indicator of outliers caused for example by the non-normality of the precision at 

low values, background level, and potential interferences of NO2 instruments. Panels ([B1, 

B2, B3 and B4] of Fig. 3.7) show that a major fraction of the ratios is normally distributed, as 

it can be observed from the 25th to 75th interquartile range of probability in all cases. The 

percentile of probability towards normality is slightly greater (about 10th to 90th percentile) in 

case of CLD/GANDALF compared to others. The percentile is about 15th to 80th and 25th to 

90th with (CRD/GANDALF, CE-DOAS/GANDALF) and (LP-DOAS/GANDALF), 

respectively. A perfect normal distribution should not be expected for ratios as NO2 

instruments are not measuring exactly the same quantity due to differences in length of 

sampling lines and potential interference.   
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Fig. 3.7: Distribution for comparative instrument ratios is shown in upper panels and a 

normal probability plot for comparative instrument ratios is shown in lower panels.  

A1 A2 

A3 A4 

B1 B2 

B3 B4 
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To identify systematic deviations based on other trace gases or parameters, ratios are further 

compared with the observed data of several trace gases, radiation, and metrological 

parameters. There are only two cases, where a systematic correlation of ratios was observed 

with the observed quantities during PARADE, as shown in Fig. 3.8 and Fig. 3.9. In Case 1, 

ratios are presented as a function of the observed O3 concentrations. The ratio between CLD 

and GANDALF shows a decreasing trend with respect to increase in the O3 concentrations 

(subplot C4, Fig. 3.8). This ratio (CLD/GANDALF) averages 0.95 at levels less than 20 ppbv 

O3. It decreases to an average of 0.86 over the interval of 20 to 42 ppbv O3, while averaging 

0.81 at levels above 42 ppbv of O3. There is no trend observed in other ratios 

(CRDS/GANDALF, LP-DOAS/GANDALF, and CE-DOAS/GANDALF) as shown in Fig. 

3.8. The trend for CLD/GANDALF might be attributed to some line loss of NO2 with respect 

to the increase in ambient O3 in the CLD data set. The subplot (C4, Fig. 3.8) is also cross 

checked by altering the GANDALF data in the denominator to the other three measurements 

(LP-DOAS, CRDS, and CE-DOAS) and similar results are observed as in the previous case 

with GANDALF.  

 

 

Fig. 3.8: Ratios as a function of the ambient O3 during PARADE. 

C1 C2 

C3 C4 
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In Case 2 (subplot D3, Fig. 3.9), a correlation is observed for the ratio between CE-

DOAS/GANDALF as a function of jNO2. At higher values of jNO2, the ratio approaches 

unity. The sampling line for CE-DOAS and CRDS was the same and no correlation for the 

ratio between CRDS and GANDALF is seen with respect to jNO2. So, the cause of 

correlation is not expected to be due to the accumulation of NO2 in the sampling line of CE-

DOAS. The correlation might be related to background level corrections for the Rayleigh 

scattering in CE-DOAS or potential interference due to some species other than NO2 in the 

sampling line at high levels of solar radiation. This correlation is also not observed between 

other ratios (in case of LP-DOAS and CLD) with respect to GANDALF. Also, a cross check 

was done for panel D3 (Fig. 3.9) by switching GANDALF in the denominator to three other 

measurements (LP-DOAS, CRDS, and CLD); similar results were observed as previously. 

Besides the above-described systematic correlations, no indication of a potential interference 

is observed for any instrument (appendix 7.3.1.4).  

 

 

 

Fig. 3.9: Ratios as a function of the measured jNO2 during PARADE. 

D1 D2 

D3 D4 
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3.3 Ozone photochemistry in PARADE 

The role of O3 is crucial in defining the tropospheric oxidation capacity as it leads to the 

atmospheric oxidants OH (R. 1.16 followed by R. 1.19) and NO3 ( R. 1.9). The in-situ 

instantaneous O3 production is a complex function of proportioning between NOx, HOx, and 

ROx = (HO2 + RO2). ROx radicals are formed by the reaction of VOCs and OH. The reaction 

between NO and ROx is responsible for the formation of O3 via NO2 photolysis in the 

troposphere. A null cycle exists between NO-NO2-O3 in the absence of competing reactions 

and under the steady-state conditions (Section 1.2), which leads to no net O3 production or 

loss. The null cycle is perturbed by the presence of peroxy radicals. This chemical imbalance 

of the perturbed null cycle can also be used to estimate the instantaneous net photochemical 

production rates of O3 (Eq. 1.10) (Thornton et al., 2002;Volz-Thomas et al., 2003;Martinez et 

al., 2003). However, this concept is only valid under the photostationary state condition 

(Section 1.2). The main source for the formation of O3 is come from VOCs and NOx act as a 

catalyst. The instantaneous O3 production has a positive tendency with an increase in NOx 

concentrations under VOC-saturated conditions. The VOC-saturated or NOx-sensitive regime 

is referenced to conditions when the loss of odd hydrogen radicals due to ‘radical + radical’ 

reactions (‘OH + HO2’, ‘HO2 + HO2’ ‘RO2 + HO2’) forming peroxides is dominant (Sillman, 

1999) compared to ‘radicals+ NOx’ reactions forming HNO3 and ANs (R. 1.7 and R. 1.14). 

While under VOC-limited or NOx-saturated conditions, the loss of odd hydrogen radicals is 

mainly controlled by ‘radicals + NOx’ reactions. A negative trend of the instantaneous O3 

production versus NOx is expected in the NOx-saturated or VOC-limited regimes (Thornton 

et al., 2002). 

The O3 photochemistry is assessed for PARADE by considering several reactions that 

contribute to the in-situ production and loss of O3. To exclude night time data, a photolysis 

frequency filter (jO1D > 1 × 10-7 s-1) has been applied. Further, to avoid periods with heavy 

fog and condensation, only data with specific conditions (visibility > 1 km, relative 

humidity < 90 % and precipitation = 0 mm hr-1) are selected. A positive trend is reported 

between O3 and temperature at several places with biogenic emissions (Duenas et al., 

2002;Rasmussen et al., 2012). A positive correlation between the locally measured 

temperature and O3 is also observed during PARADE (appendix 7.3.1.5). At elevated 

temperatures (> 13 °C), higher values of O3 were observed and the reverse for temperatures 

≤ 13 °C. Based on this separation by temperature, the data set for O3 photochemical 

production or loss rates was further divided into two different regimes [low (≤ 13 °C) and 
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high (> 13 °C)] to provide a more detailed analysis. Rate coefficients for O3 reactions are 

taken from the literature (Finlayson-Pitts and Pitts, 2000;Atkinson et al., 2004, 2006;Sander 

et al., 2011b). Based on filtered data, the available time window for the O3 budget analysis is 

from 5:00 UTC to 18:00 UTC.  

O3 is formed in the troposphere via NO2 photolysis. So any loss of NO2 other than 

through photolysis will also contribute in the reduction of O3 production efficiency under 

NOx-limited conditions. The loss processes involving radicals such as formation of nitric 

acid, ANs, and peroxides lead to the loss of NO2 and ultimately decrease the O3 production 

efficiency. The formation of nitric acid, ANs, and peroxides are referred to here as the 

indirect loss of O3. PAN is assumed to be in steady state and it does not lead to a source or 

sink for radicals (Spirig et al., 2002;Kleinman, 2005), therefore the production and 

decomposition of PAN is not considered.  

The measurement of total ANs was available during PARADE (Table 3.2) and in the 

absence of information regarding separate fractions of ANs, the correlation between ANs and 

Ox (O3 + NO2) can be used to derive the effective branching ratio αeff (Rosen et al., 

2004;Perring et al., 2010;Farmer et al., 2011). According to correlation between ANs and Ox, 

the effective branching ratio for R. 1.14 can be defined as in Eq. 3.2.  

 

αeff  = 
2

∆[Ox] / ∆[ANs]
          Eq. 3.2 

 

In relation Eq. 3.2, Δ [Ox] / Δ [ANs] is estimated from slope of correlation between Ox and 

ANs. For PARADE, αeff  varied in the range of [2.2, 4.7] % with an average value of 

3.37 ± 0.75 % (Thieser, 2013). In the reaction (‘α RO2 + NO’, R. 1.14), the average value of 

αeff is used for the calculation of ANs production. The average value of αeff is based on 

composite mixture of all VOCs including CO (Browne and Cohen, 2012) because the 

measured Ox concentration contains contributions from both HO2 and RO2 radicals. Therefore 

αeff would be smaller than the actual branching ratio for RO2 species (Browne and Cohen, 

2012). 

The photochemical O3 tendency [T(O3) = P(O3)  ̶  L(O3)] is a measure of the net O3 

production due to its production and loss processes (Crutzen et al., 1999). The O3 tendency is 

positive during PARADE for the daytime periods. The net O3 production described here is 

the production of O3 due to peroxy radicals and the direct loss of O3. ROx measurement of the 

PeRCA instrument contains the sum of RO2 and HO2. Based on reactions ‘ROx (PeRCA) + NO’, 
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the median value of the production rate of O3 is [15 ± 31 (1σ)] ×106 molecule cm-3 s-1. A 

generic rate coefficient (Jenkin et al., 1997;Saunders et al., 2003) is used for the reaction 

‘ROx (PeRCA) + NO’. There is no significant difference [Median ratio = k(HO2+NO) / kgeneric = 

0.98 ± 0.004 (1σ)] between the generic rate constant and the ‘HO2 + NO’ rate constant, so the 

separation based on [RO2 = ROx(PeRCA)  ̶  HO2(calculated)] does not contribute considerably to the 

above-described median value of the O3 production. The variability of the O3 production is 

larger due to the scatter in the observed ROx concentration. The standard error (1σ / √n) of 

the O3 production is ± 1.2 × 106 molecule cm-3 s-1. Based on hourly median values of the O3 

production, the maximum value of 37 × 106 molecule cm-3 s-1 is calculated to occur at about 

12:00 UTC for elevated temperatures.  

The in-situ O3 loss rates are described previously in Eq. 1.11. This assumption only 

represents the major in-situ photochemical loss in remote regions. Other reactions also 

contribute to an O3 loss like reaction with alkenes in the boundary layer. Several different 

alkenes were measured during PARADE. Here, alkenes are divided into two different groups 

for the calculation of the direct O3 loss. 1) those emitted by the vegetation are called as 

BVOCs43 and 2) the remaining alkenes like NMHC44. Besides alkenes, O3 reactions with 

aromatics (benzene and toluene) are also considered for the total or fractional loss 

calculations of O3. The overall loss of O3 for PARADE is described in Eq. 3.3. 

 

          

    aromaticskNMHCk

BVOCskHOkOHkDjOβO)(OL

33

3323

Oarom.ONMHC

OBVOCs2OHOOOH

1

33









 

           Eq. 3.3 

 

Where β in Eq. 3.3 is the fraction of O(1D) reacting with H2O to produce OH. 

Reactions leading to photolysable species such as NO2 and NO3 are not considered a loss 

during daytime due to the rapid photolysis and reformation of O3, as discussed previously 

(Section 1.1.1.1). The O3 photochemical loss in Eq. 3.3 is based on measured data, while in 

case of OH and HO2 on calculated data. The total loss (Eq. 3.3) of O3 versus daytime fraction 

is shown in the subplot [A] of Fig. 3.10. The overall median value of the total O3 loss is 

2.2 ± 1.5 (1σ) × 106 molecule cm3 s-1 and the standard error is ± 0.08 ×106 molecule cm-3s-1. 

The O3 loss increases up to 7 × 106 molecule cm-3 s-1 and 2 × 106 molecule cm-3 s-1 for the 

                                                 

43 isoprene, α-pinene, myrcene, limonene 
44 ethene, propene, 1,3-butadiene, cis-2-butene,1-pentene. 
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time window of 12:00 UTC to 14:00 UTC with temperature > 13 °C and ≤ 13 °C, 

respectively. The absolute chemical loss rates of O3 due to different reactants as a daytime 

fraction and hourly median values are shown in Fig. 3.10 for two different temperature 

conditions. Hourly median values of relative fractional contribution to the O3 loss are also 

shown in Fig. 3.11 for different reactants.  

Photolysis of O3 described with β is the largest loss during the middle of day, being 

up to 5 × 106 molecule cm-3 s-1. β (Eq. 1.12) has varied in the range of [3.5, 13.2] % with 

average and median values of 8 % and 7 %, respectively. The absolute median value (Fig. 

3.10) of the O3 photolysis loss is [1 ± 1.12 (1σ)] × 106 molecule cm-3 s-1 for temperatures 

higher than 13 °C and [0.26 ± 0.3 (1σ)] × 106 molecule cm-3 s-1 at lower temperatures ≤ 13 °C. 

The relative fraction of the photolytic loss of O3 to total loss is up to 60 % (at temperatures 

> 13 °C) around 12:00 UTC (Fig. 3.11). This fractional loss of O3 decreases to < 30 % at 

morning and evening times. In comparison, the relative fraction of the photolytic O3 loss in 

the case of the temperatures ≤ 13 °C has shown similar trend but slightly less compared to the 

one in the case for temperatures greater than 13 °C.  

The loss of O3 with respect to HOx (OH + HO2) is also highest in the middle of the 

day. The maximum values [up to 0.8 × 106 molecule cm-3 s-1] are observed around 

12:00 UTC. The median value of the O3 loss due to HOx is 

[0.27 ± 0.15 (1σ)] × 106 molecule cm-3 s-1 and [0.13 ± 0.08 (1σ)] × 106 molecule cm-3 s-1 at 

elevated (> 13 °C) and lower temperatures (≤ 13 °C), respectively. The O3 loss due to the 

reaction with OH is much lower than the reaction with HO2. The ratio [(O3 loss due to OH) / 

(O3 loss due to HO2)] varies in the range of ]0.006, 0.25[ for PARADE. The fractional 

variations in the O3 loss due to HOx mainly stay in the interval of ]7, 13[ % and ]11, 18[ % at 

higher and lower temperatures, respectively.  

The O3 loss due to overall measured BVOCs is comparable to the one observed in 

the case of O3 photolysis but not occurring at the same time. The highest loss due to BVOCs 

was at 16:00 UTC [up to 2.7 ×106 molecule cm-3 s-1]. Higher concentrations of myrcene and 

limonene were observed in morning times during PARADE. So the prominent high loss of O3 

due to BVOCs is present in the morning period of the time around 7:00 UTC [up to 

1.6 × 106 molecule cm-3 s-1]. The median value of the O3 loss due to BVOCs is 

[1 ± 0.5 (1σ)] × 106 molecule cm-3 s-1 and [0.33 ± 0.08 (1σ)] × 106 molecule cm-3 s-1 at higher 

and lower temperatures, respectively. Amongst the observed BVOCs, the highest loss of O3 is 

due to myrcene [up to 0.12 × 106 molecule cm-3s-1] while the smallest is due to isoprene 
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[maximum up to 0.08 × 106 molecule cm-3 s-1]. The lowest relative fractional loss due to 

BVOCs (about 20 %) is present around 12:00 UTC and it increases up to 55 % and 70 % 

during morning and evening times for higher temperatures, respectively. The relative fraction 

of O3 loss due to BVOCs stays higher at high temperatures and vice versa.  

The highest loss of O3 due to NMHC is present during morning hours (some 

outliers) and evening times. Over all, an increasing tendency in the O3 loss due to NMHC is 

observed with respect to daytime at higher temperatures, while a negative trend is observed 

for lower temperatures. The median value of O3 loss due to BVOCs is 

[0.33 ± 0.12 (1σ)] × 106 molecule cm-3 s-1 and [0.2 ± 0.04 (1σ)] × 106 molecule cm-3 s-1 at 

higher and lower temperatures, respectively. The relative fraction of this loss is higher during 

morning times; for both temperature regimes, it stays in the range of ]35, 40[ %. It decreases 

in the range of ]5, 13[ % at 12:00 UTC and increases again to ]22, 25[ % at evening times. 

Despite outliers due to propene, 1-pentene remains the largest contributor among NMHC, 

while ethene is the smallest contributor to the loss of O3.  

The relative fractions of the O3 loss due to aromatics (benzene and toluene) are 

<< 1 % and negligible compared to others. Therefore absolute or fractional losses of O3 due 

to aromatics are not shown in Fig. 3.10 and Fig. 3.11.  

Reaction of alkenes with O3 is a removal process for them, as are the alkenes beside 

reactions between OH and alkenes. Although the rate coefficients for ‘O3 + alkenes’ reactions 

are very small in magnitude compared to the corresponding ‘OH + alkenes’ reactions, but 

high tropospheric O3 concentrations make this removal process important (Finlayson-Pitts 

and Pitts, 2000). The removal of BVOCs due to O3 was higher than the corresponding 

removal due to OH during PARADE. The BVOCs loss due to O3 varies in the range of 

[0.12, 0.92] × 106 molecule cm-3 s-1 with a median value of 0.82 ± 0.54 (1σ) × 106 

molecule cm-3 s-1. The corresponding loss due to OH has a median value of 

[0.22 ± 0.24 (1σ)] × 106 molecule cm-3 s-1 with a variation in the range of [0.002, 1.01] 

× 106 molecule cm-3 s-1. In the case of NMHC however, the loss with respect to OH is larger 

compared to the corresponding loss with respect to O3. The median value of the NMHC loss 

due to reaction with OH is [0.5 ± 0.4 (1σ)] × 106 molecule cm-3 s-1 with variations of 

[0.007, 1.77] × 106 molecule cm-3 s-1. In the case of reaction with O3, the median value of 

NMHC loss is [0.30 ± 0.12 (1σ)] ×106 molecule cm-3 s-1 with small variations of 

[0.12, 0.92] ×106 molecule cm-3 s-1 compared to OH (appendix 7.3.1.6).  
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Fig. 3.11: Fractional contribution to total loss of O3 with several groups of measured species 

as described in the text for T > 13 °C and T ≤ 13 °C in the upper and lower panels, 

respectively. 
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For the contribution of different species to production and loss of O3, three different 

time windows of daytime fraction were selected as follows.  (1):- [8:00, 10:00] UTC, (2):- 

]10:00, 14:00] UTC, (3):- ]14:00, 16:00] UTC. Overall median values of production and loss 

rates of O3 for PARADE during the different time windows, in two different temperature 

regimes, are shown in Fig. 3.12. The O3 tendency is positive for the different selected time 

windows regardless of the temperature filter. The maximum net O3 production rate 

(21.7 × 106 molecule cm-3s-1) is calculated for time window (2) at higher temperature. This is 

due to higher radiation and eventually higher OH leading to the higher production of peroxy 

radicals. The lowest net O3 production rate (0.62 × 106 molecule cm-3 s-1) is found in the time 

window (3) at lower temperatures.   

The production of HNO3 is similar to the production of ANs in time windows (1) and 

(2) at lower temperatures. The loss of NOx to HNO3 is higher than the corresponding loss to 

ANs at higher temperatures for time windows (1) and especially (2). But the loss of NOx to 

HNO3 becomes smaller than the corresponding loss to ANs for time window (3) regardless of 

temperature. This indicates that the role of ANs as a sink for NOx is important and could not 

be neglected, as suggested in a previous study (Browne and Cohen, 2012).  

The reaction of ‘HO2 + RO2’ shows dominance over other ‘radical + radical’ reactions 

at all times. In addition, rates in Fig. 3.12 for ‘radical + radical’ reactions are not multiplied 

by 2. Two radicals are lost in each ‘radical + radical’ reaction, so the numbers should be 

considered as (2 × Rates), but only for ‘radical + radical’ reactions (‘HO2 + OH’, 

‘HO2 + HO2’ and ‘HO2 + RO2’).  

The O3 loss due to dry deposition is dominant over chemical loss in PARADE during 

daytime and it is calculated based on the characterisation of the boundary layer height (BLH) 

by radiosonde (type: GRAW DFM - 06) measurements on several days at different time 

scales. The median values of O3 loss rates due to dry deposition are also shown in Fig. 3.12 

for different time windows by considering a deposition velocity of 1 cm s-1 for O3 (Droppo, 

1985;Finlayson-Pitts and Pitts, 2000) based on median values of BLH. 
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 The calculated lifetime of O3 during PARADE with respect to reaction with different 

species is summarised in (Table 3.5, Table 3.6 and Table 3.7) for different periods of time of 

the day. The shortest O3 lifetime was due to photolysis at middle of day [10:00, 14:00] UTC 

and at the higher temperature ranges, while it decreases within the morning and afternoon 

time windows and also with the decrease in temperature. The longest O3 lifetimes were with 

respect to aromatics like toluene and benzene. The O3 lifetimes due to BVOCs (except 

isoprene) and HO2 have smaller scales compared to NMHC and OH. The overall 

photochemical lifetimes of O3 can be calculated as in τ(O3) (Eq. 3.4).  

 

 

 
    


 YkXk

1
Oτ

33 OYOX

3        Eq. 3.4 

 

 

‘X’ and ‘Y’ (Eq. 3.4) represent different species (like; OH, HO2, alkenes, etc.) with their 

respective rate coefficients for reaction with O3. For PARADE, the average and median 

values of τ(O3) are 7.1 days and 6.6 days, respectively, with variations of ]2.6, 18.1[ days. 
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Table 3.5: Lifetimes of O3 with respect to different species measured at PARADE-2011. 

Time window [08:00, 10:00] UTC. 

Rate × [conc.] 

 as on Y-axis Fig. 3.10 

Lifetime of O3 for respective loss (days)  

@ Temp. > 13 °C   

Lifetime of O3 for respective loss (days)  

 @ Temp. ≤ 13 °C 

Avg. Mdn. Max. Min. STD 

 

Avg. Mdn. Max. Min. STD 

β × jO1D 

 

12 9 48 5 7 18 16 39 11 6 

k𝐎𝐇+𝐎𝟑
[OH] 

 

279 238 974 152 132 334 298 608 196 103 

k𝐇𝐎𝟐+𝐎𝟑
[HO2] 

 

52 48 95 35 12 58 55 81 41 10 

k𝛂𝐩𝐢𝐧+𝐎𝟑 [α-pin] 

 

87 82 199 60 24 181 162 316 93 71 

k𝐥𝐦+𝐎𝟑 [limonene] 

 

53 51 93 29 14 117 120 151 77 23 

k𝐦𝐲𝐫+𝐎𝟑 [myrcene] 

 

42 35 105 22 17 64 58 99 42 18 

k𝐢𝐬𝐨+𝐎𝟑 [isoprene] 

 

839 720 2277 287 415 1183 1215 1886 727 260 

k𝐭𝐨𝐥.+𝐎𝟑  [toluene] 0.5 

× 107 

0.4 

× 107 

1.5 

× 107 

0.1 

× 107 

0.3 

× 107 

1.2 

× 107 

1 

× 107 

3.1 

× 107 

0.2 

× 107 

0.8 

× 107 

k𝐁𝐞𝐧.+𝐎𝟑 [benzene] 1 

× 107 

0.8 

× 107 

4 

× 107 

0.4 

× 107 

0.6 

× 107 

1.6 

× 107 

1.5 

× 107 

3.7 

× 107 

0.7 

× 107 

0.8 

× 107 

k𝐄+𝐎𝟑 [ethene] 

 

1215 1221 2238 532 372 1627 1919 2554 633 668 

k𝟏,𝟑𝐁𝐃+𝐎𝟑 [butadiene] 

 

377 378 521 245 62 458 449 509 403 29 

k𝐏+𝐎𝟑 [propene] 

 

370 398 737 76 201 680 775 1358 263 303 

k𝐂𝐢𝐬𝟐𝐁+𝐎𝟑 [cis-2-butene] 

 

303 283 654 115 127 345 339 421 285 39 

k𝟏𝐏+𝐎𝟑 [1-pentene] 

 

87 90 107 71 9 88 82 123 73 15 
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Table 3.6: Lifetimes of O3 with respect to different species measured at PARADE-2011. 

Time window ]10:00, 14:00] UTC. 

Rate × [conc.] 

on Y-axis Fig. 3.10 

Lifetime of O3 for respective loss (days)  

@ Temp. > 13 °C   

Lifetime of O3 for respective loss (days)   

@ Temp. ≤ 13 °C 

Avg. Mdn. Max. Min. STD 

 

Avg. Mdn. Max. Min. STD 

 

β × jO1D 

 

8 7 29 3 4 20 16 75 8 13 

k𝐎𝐇+𝐎𝟑
[OH] 

 

202 179 1994 129 132 353 271 1111 181 205 

k𝐇𝐎𝟐+𝐎𝟑
[HO2] 

 

41 40 109 30 9 57 52 99 39 16 

k𝛂𝐩𝐢𝐧+𝐎𝟑 [α-pin] 

 

104 95 250 46 39 196 212 286 109 61 

k𝐥𝐦+𝐎𝟑 [limonene] 

 

67 61 150 29 27 127 128 173 102 15 

k𝐦𝐲𝐫+𝐎𝟑 [myrcene] 

 

63 45 174 22 39 89 89 141 45 31 

k𝐢𝐬𝐨+𝐎𝟑 [isoprene] 

 

677 534 2705 183 440 1196 1076 6717 391 880 

k𝐭𝐨𝐥.+𝐎𝟑  [toluene] 0.6 

× 107 

0.4 

× 107 

3.3 

× 107 

0.12 

× 107 

0.6 

× 107 

1.8 

× 107 

1.6 

× 107 

3.9 

× 107 

0.5 

× 107 

0.9 

× 107 

k𝐁𝐞𝐧.+𝐎𝟑 [benzene] 1.2 

× 107 

0.9 

× 107 

4.8 

× 107 

0.4 

× 107 

0.8 

× 107 

2.1 

× 107 

2 

× 107 

11 

× 107 

0.7 

× 107 

1.6 

× 107 

k𝐄+𝐎𝟑 [ethene] 1334 1255 4118 478 596 2300 2345 4303 942 838 

k𝟏,𝟑𝐁𝐃+𝐎𝟑 [butadiene] 343 341 517 170 68 442 459 588 218 76 

k𝐏+𝐎𝟑 [propene] 463 477 1348 59 251 835 890 1518 333 338 

k𝐂𝐢𝐬𝟐𝐁+𝐎𝟑 [cis-2-butene] 273 249 798 87 122 371 366 585 288 60 

k𝟏𝐏+𝐎𝟑 [1-pentene] 

 

91 91 145 74 10 98 98 133 76 18 
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Table 3.7: Lifetimes of O3 with respect to different species measured at PARADE-2011. 

Time window]14:00, 16:00] UTC. 

Rate × [conc.] 

on Y-axis Fig. 3.10 

Lifetime of O3 for respective loss (days)  

@ Temp. > 13 °C   

Lifetime of O3 for respective loss (days)   

@ Temp. ≤ 13 °C 

Avg. Mdn. Max. Min. STD 

 

Avg. Mdn. Max. Min. STD 

 

β × jO1D 

 

22 17 72 6 15 72 72 174 17 36 

k𝐎𝐇+𝐎𝟑
[OH] 

 

492 382 4352 184 398 1064 962 2338 300 486 

k𝐇𝐎𝟐+𝐎𝟑
[HO2] 

 

68 65 119 41 16 93 95 114 55 14 

k𝛂𝐩𝐢𝐧+𝐎𝟑 [α-pin] 83 79 175 33 31 131 126 230 96 29 

k𝐥𝐦+𝐎𝟑 [limonene] 53 47 125 19 27 97 98 110 61 13 

k𝐦𝐲𝐫+𝐎𝟑 [myrcene] 47 37 122 16 25 68 61 127 43 24 

k𝐢𝐬𝐨+𝐎𝟑 [isoprene] 627 615 1208 221 247 912 856 1334 686 167 

k𝐭𝐨𝐥.+𝐎𝟑  [toluene] 0.7 

× 107 

0.6 

× 107 

4.6 

× 107 

0.1 

× 107 

0.7 

× 107 

1.6 

× 107 

1.7 

× 107 

3.2 

× 107 

0.8 

× 107 

0.5 

× 107 

k𝐁𝐞𝐧.+𝐎𝟑 [benzene] 1 

× 107 

0.9 

× 107 

3.1 

× 107 

0.5 

× 107 

0.4 

× 107 

1.9 

× 107 

1.9 

× 107 

2.4 

× 107 

1.1 

× 107 

0.4 

× 107 

k𝐄+𝐎𝟑 [ethene] 1706 1721 3329 622 581 2357 2370 2885 2011 192 

k𝟏,𝟑𝐁𝐃+𝐎𝟑 [butadiene] 358 355 531 154 87 476 482 570 392 44 

k𝐏+𝐎𝟑 [propene] 524 570 873 61 199 833 905 1255 557 216 

k𝐂𝐢𝐬𝟐𝐁+𝐎𝟑 [cis-2-butene] 309 289 609 98 136 439 446 554 331 50 

k𝟏𝐏+𝐎𝟑 [1-pentene] 88 91 118 74 8 107 108 144 78 26 
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4 Photostationary State (PSS) Analysis: PARADE-2011 

The focus of this chapter is to understand the role of different species in the cycling between 

NO and NO2 and specifically evaluate the potential role of an ‘unknown’ oxidant for 

PARADE-2011. The PSS is investigated by using the concept of the Leighton ratio 

(Leighton, 1961). 

 

 

4.1 Leighton ratio (Φ)  

The Leighton ratio Φ (Eq. 1.4) is often used to describe the PSS between NO and NO2. 

During periods of sunlight, a null cycle exists between NO-NO2-O3 as described by reactions 

R. 1.1, R. 1.5, and R. 1.6. However, variations in the intensity of solar radiation like passing 

clouds and the local emissions of NOx can perturb the PSS.  

 To avoid scatter in Φ due to rapid changes in solar radiation during early morning and 

late evening, a filter corresponding to jNO2 ≥ 5 ×10-3 s-1 for high photolysis frequency has 

been applied. Based on this filter, the calculated median time (τ)SS (Eq. 1.3) for the 

establishment of PSS is 33 s with a variation in the range of ]23, 65[ s. The relative change in 

jNO2 (10 minute averages) was less than 15 % for most of the filtered data set. No correlation 

is observed between the variation in jNO2 and deviations in Φ (appendix 7.3.1.7.1). The 

reason for the absence of a correlation is that the data set for the calculation of Φ is based on 

averages over longer time periods (600 s) while the PSS is established within less than 65 s. 

Thus the averaging over longer period provides sufficient time for readjustments of the PSS 

even after an interruption of radiation. Emissions of NOx in the vicinity of the measurement 

site can perturb the PSS. The nearby main emissions of NOx were expected from road traffic. 

Based on the values of the locally measured wind speed, a distance in the range of ]25, 

463[ m from the sampling point is required to buffer the PSS (@jNO2 ≥ 5 × 10-3 s-1). There 

were no major roads located within a 300 m radius of the observatory; the nearest main roads 

were at a distance of 335 m north and > 700 m west of the field site. There was a small road 

around the observatory within a distance > 150m, but it had only infrequent traffic. So in 

order to avoid emissions from the nearest road at 335 m north, which can perturb the PSS, an 

extra filter (Filter_Road) has been applied. Consequently, any data point with conditions 

‘Filter_Road = 2 × (τ)SS (s) × wind speed ( m s-1) > 300 m’ is rejected. Thus the application of 



 

4.1 Leighton ratio (Φ) 

94 

‘Filter_Road’ minimised the possibility for disturbance of the PSS due to local emissions. 

Moreover, the PSS is expected to settle within 150 m prior to the sampling point for the 

remaining set of data points. The corresponding time window for the data analysis is between 

7:00 to 16:00 UTC. During PARADE, the local time at the observatory was UTC + 2.  

The time series for NO, NO2, O3, jNO2 and others have been already shown in Fig. 

3.5. Φ (Eq. 1.4) (Leighton, 1961) has been calculated for PARADE by using the measured 

data of NO, NO2, O3 and jNO2. Fig. 4.1 shows the calculated Φ as a function of NOx mixing 

ratios. Φ nearly converged to unity for higher NOx levels while there are significant 

deviations from unity (Φ > 1) at NOx values of less than 4 ppbv. Since O3 is not the only 

oxidant converting NO to NO2, these deviations (Φ > 1) are probably due to NO2 being 

formed by other oxidants which are not accounted in Eq. 1.4.  

 

 

 

Fig. 4.1: Leighton ratio (Φ) during PARADE with respect to NOx (log-log scale). Errors in Φ 

due to measurement uncertainties are indicated by the vertical error bars. 
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Errors in individual values of Φ are also shown in Fig. 4.1. The overall uncertainties of the 

measured parameters in Φ were listed in Table 3.2 and Table 3.3. The average and median 

values of the relative uncertainty in Φ are 19 % and 18.7 %, respectively, with variations in 

the interval of [18, 25] %. The uncertainty is determined by the propagation of errors based 

on parameters in Eq. 1.4 by using the following Eq. 4.1. 
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In Eq. 4.1, ‘Δ’ represents the individual uncertainty of parameters in Φ. The uncertainty in Φ 

is on average 16 % larger at levels of NOx < 4 ppbv compared to levels of NOx ≥ 4 ppbv. With 

respect to different parameters in Φ, a relative fractional contribution (RFC45) absolute value 

of the individual errors to the sum of absolute values of individual errors is shown in Fig. 4.2 

as a function of NOx.  The binned averages of the RFC with standard deviations (1σ) for 

0.3 ppbv NOx intervals are also shown in Fig. 4.2.  

 From the error of rate coefficient (k1.1) of the reaction R. 1.1, The maximum RFC is 

up to about 42.3 % of the total uncertainty in Φ; this maximum RFC is observed at around 

4 ppbv of NOx. It decreases to ~32 % with the decrease in NOx to less than 2 ppbv.  

 The RFC from measurement errors of O3 is in the range of [17, 25] %. There is no 

significant trend in the RFC with the variability of NOx levels.  
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 where Xi = jNO2, NO2, k1.1, NO, and O3 
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 The RFC for jNO2 varies between 13 to 14 % for NOx above 2 ppbv. A minor 

decrease in the RFC of jNO2 to 10.6 % is observed with respect to a decrease in NOx below 

2 ppbv.  

 Measured NO RFC [10.3, 24.6] % increases with decrease in NOx. For NOx higher 

than 3 ppbv, the RFC of NO is 10.3 to 11.5 %, whereas it increases to ~25 % for NOx values 

below 0.9 ppbv.  

 Maximum contribution (> 14.5 %) in the Φ uncertainty due to NO2 measurements is 

observed at around 4 ppbv of NOx. The RFC due to NO2 does not show significant trend with 

respect to NOx levels and mainly varies between 13 to 15 %.  

 The absolute errors in Φ (Eq. 4.1) are greater at low NOx levels. The error contributed 

by NO increases about 15 % at lower NOx; however, at the same time there is about 10 to 

15 % combined decrease is observed in errors due to k1.1, jNO2, and NO2. The increasing 

trend in Φ with the decrease in NOx levels (Fig. 4.1 or Fig. 4.3) has a chemical explanation 

and is only partially due to uncertainties of the NO measurement.  

  

 

 

Fig. 4.2: Relative fraction of the uncertainty in Φ due to different parameters as a function of 

NOx mixing ratios. 
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 Fig. 4.3 shows an overview of Φ and colour-coded locally measured wind direction 

for correlations to different air masses. The average values of Φ and the average 

measurement error are calculated for 0.3 ppbv NOx bins and shown in Fig. 4.3 as well. To 

calculate averages, the minimum limit for a NOx bin is at least 5 data points. The deviation of 

Φ increases with decrease in NOx below to 4 ppbv. There is no correlation observed for 

deviations of Φ with respect to the locally measured wind directions. 

 

 

 

Fig. 4.3: Average Φ as a function 0.3 ppbv of NOx bin with measurement uncertainty of over 

bin averages.  

 

 In addition to O3, ROx (HO2 + RO2) are well known oxidants that react with NO, to 

produce NO2.  The observed negative trend in the case of ROx versus NO (Fig. 4.5) during 

PARADE is similar to the case of Φ versus NOx (Fig. 4.3). ROx contributes to deviations 

(Φ>1) at least to some extent, even if other oxidants like the halogen oxides are present or 

there are other reasons such as loss of O3 due to the ‘O3 + alkenes’ reaction. To support the 

notion that ROx contributes to positive deviation in Φ, the instantaneous production rates of 

NO2 have been calculated by taking reactions like ‘NO + O3’ (R. 1.1) , ‘NO + ROx’ (R. 1.3, 
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R. 1.2), and PAN decomposition (R. 1.8) into account. Fig. 4.4 shows the relative fraction of 

the NO2 production rates (median = 3.2 ± 2.8 (1σ) × 108 molecule cm-3 s-1) during PARADE 

for ‘NO + O3’, ‘NO + ROx’, and decomposition of PAN. The relative fraction of ‘NO + ROx’ 

compared to ‘NO + O3’ decreases with elevated NO2. Major contribution in NO2 production 

rates occurs from the ‘NO + O3’ reaction. The relative fraction of ‘NO + O3’ remains above 

90 % for NO2 > 2 ppbv. Maximum relative fraction of ‘ROx + NO’ was observed for 

NO2 < 2 ppbv; it was scattered in the range of [5, 25[ %; based on 0.3 ppbv NOx bins, it 

averages up to 12.6 %. During PARADE, a decrease in ROx with respect to increasing NO 

was observed (Fig. 4.5). This appears to be due to an increase in ROx sinks with increasing 

NO levels, as described by reactions R. 1.2, R. 1.3, and R. 1.14. Similar to ROx, a decrease in 

O3 was also observed with increasing NO concentrations. A positive trend in ANs with 

respect to NO (Fig. 4.5) indicates increase in the loss of radicals forming organic nitrates at 

higher NOx. This shows that positive deviation in Φ at low NOx levels is most probably 

caused by the reaction ‘NO + ROx → NO2’.  

 

 

 

 

Fig. 4.4: Fraction of NO2 production rates for different reactions.  
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Fig. 4.5: Measured O3, ROx and ANs as a function of NO during PARADE.  

 

 

4.2 Modified Leighton Ratio (Φmod)  

NO, NO2 and O3 also react with different trace gases apart from the reactions R. 1.1, R. 1.5 

and R. 1.6. The PSS establish in shorter time scales; the impact from other processes such as 

O3 deposition, ‘NO + OH’, ’NO2 + OH’, PAN decomposition, O3 photolysis, and 

‘O3 + alkenes’ is not great enough to perturb the PSS.  

 During PARADE, the O3 lifetime was in order of days, excluding the dry deposition 

(Section 3.3, Table 3.5, Table 3.6 and Table 3.7). So any loss of O3 is not sufficient to perturb 

the PSS for PARADE.  

 The reaction of NO2 with OH (R. 1.7) is a NOx sink. The lifetime of NO2 due to 

reaction with OH during PARADE was in the range of ]6 × 104, 4 × 105[ s. This reaction (R. 

1.7) cannot perturb NO2 concentrations enough to affect the PSS.  

 The decomposition of PAN can increase the concentration of NOx. The effective 

lifetime of PAN (τ)PAN is described by Eq. 4.2 (Finlayson-Pitts and Pitts, 2000) and it was 

greater than 7 × 103 s (appendix 7.3.1.7.3) during PARADE.  
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The time scale for the PAN decomposition to NO2 is very large compared to the 

characteristic time required for establishing the PSS. Therefore, the decomposition of PAN 

cannot considerably perturb the PSS for PARADE.  

 The lifetime of NO due to OH was greater than 7.8 × 104 s and is likewise unable to 

perturb the PSS considerably. 

The sensitivity of the deviation in Φ for Φ > 1 was tested based on the time scale 

required for the PSS establishment. A modified form Φmod (Eq. 4.3) was calculated to see the 

absolute effects on deviations and compared with Φ (Eq. 1.4). This estimation (Eq. 4.3) is 

useful to assess the effect on Φ deviations due to involvement of NO, NO2 and O3 in 

chemical reactions (excluding ‘ROx + NO → NO2’).  

 

 

 
  



















eff3eff31.1

2eff22
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NONOjNO
Φ                   Eq. 4.3 

 

 

The major production or loss processes of NO, NO2, and O3 are accounted for in Eq. 4.3. The 

production and loss in NO, NO2, and O3 are described by NOeff, NO2eff, and O3eff, 

respectively, in Eq. 4.4, Eq. 4.5, and Eq. 4.6 for the time window of (τ)ss (Eq. 1.3). The basic 

idea behind Φmod (Eq. 4.3) is that it will describe actual Φ in an absence of production or loss 

processes other than NO-NO2-O3 cycle R. 1.1, R. 1.5, and R. 1.6 but excluding 

‘ROx + NO → NO2’. 

 

 

     NOOHkτNO NOOHsseff        Eq. 4.4 

 

 

        PANkNOOHkτNO Diss.2NOOHss2eff       Eq. 4.5 
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            Eq. 4.6 

 

Based on the information ‘concentration = (τ)SS × loss or production rates’, the loss processes 

are added and the production processes are subtracted. In NOeff, the loss processes for NO 

due to P(HONO) is considered over the time scale of (τ)ss. The loss of NO2 towards HNO3, 

and production from PAN decomposition is considered in Eq. 4.5, where kD (Atkinson et al., 

2004) is the decomposition rate. In Eq. 4.6, several loss processes are taken into account for 

O3, based on the available measurements of alkenes during PARADE. Vd is the deposition 

velocity of O3 and a value of 1cm s-1 (Droppo, 1985;Finlayson-Pitts and Pitts, 2000) for 

upper estimate is used with a boundary layer height (BLH) of 1000 m.  

The ratio Φ / Φmod is shown in Fig. 4.6. The median value of Φ / Φmod is 

1.015 ± 0.005 (1σ) at NOx lower than 3 ppbv. The maximum value of contribution to the 

deviation of Φ from the production and loss processes as described in Eq. 4.4, Eq. 4.5, and 

Eq. 4.6 is less than 3 % and it is insignificant if the uncertainties of the measured quantities in 

Eq. 4.4, Eq. 4.5, and Eq. 4.6 are considered. The local sinks of O3 (Eq. 4.6) were not 

important in accounting for the positive deviations in Φ. Even multiplying BVOCs (isoprene, 

α-pinene, myrcene and limonene in Eq. 4.6) concentrations by a factor of 20 and allowing a 

10 times enhancement in the photolytic loss of O3 [β = 1 (Eq. 1.12)] cannot produce 

considerable difference in the ratio Φ / Φmod. Hence, it can be concluded that for PARADE, 

the observed deviations in Φ are not significantly affected by the involvement of NO, NO2, 

and O3 with other physical or chemical processes, excepting ‘ROx + NO’.  
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Fig. 4.6: Effect on Φ due to the involvement of NO, NO2, and O3 in other chemical and 

physical processes.  

 

 

4.3 Extended Leighton ratio (Φext) including measured ROₓ  

Interconversion of NO and NO2 in the presence of O3 is rapid during periods of sunlight 

(Cadle and Johnston, 1952;Leighton, 1961) and the role of ROx in the process cannot be 

ignored (Calvert and Stockwell, 1983;Bradshaw et al., 1999). The classical Leighton ratio Φ 

has been extended by the contribution of ROx. The total sum of peroxy radicals (HO2 + RO2) 

was measured with the PeRCA instrument during PARADE and these measurements were 

used to evaluate the extended Leighton ratio Φext (Eq. 1.6). The inclusion of ROx significantly 

reduces the deviation in Φ as observed in Φext (Fig. 4.7). The resulting reduction in Φ at 

lower NOx concentration (< 4 ppbv) is greater than the reduction in Φ at elevated NOx values. 
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This is because of the fact that the larger ROx concentrations were observed at lower NOx 

concentrations (Fig. 4.4). Deviations in Φext > or < 1 are mostly below the uncertainty of Φext, 

as shown in Fig. 4.8.  

 

 

 

Fig. 4.7: Extended (Φext) and classical Leighton ratio (Φ) are plotted versus NOx mixing 

ratios for PARADE (log-log scale).  

 

 Different types of peroxy radicals present in the atmosphere react with NO at different 

rates. Φext has been calculated (Fig. 4.7) using three different assumptions for the rate 

coefficient ‘k(ROx+NO)’ value of  the ‘ROx + NO’ reaction as follow.  

(1) If all the measured ROx are considered as HO2, then ‘k(ROx+NO)’ = ‘k(HO2+NO)’ 

(Atkinson et al., 2004).  

(2) If ROx = methyl peroxy radical (CH3O2), then then ‘k(ROx+NO)’ =‘k(CH3O2+NO)’ 

(Atkinson et al., 2006). 
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(3) If a generic rate coefficient is used for ‘k(ROx+NO)’ from MCM3.2 (Jenkin et al., 

1997;Saunders et al., 2003). 

The reduction in deviations is smaller in the case (2) compared to cases (1) and (3), as 

shown in Fig. 4.7. The average difference of the reduction between cases (1), (2), and (3) is 

less than 1.4 % and is not significant. An overview of Φext for PARADE is presented in Fig. 

4.8, with the generic rate coefficient used for the ‘ROx + NO’ reaction and an uncertainty of 

25 % assigned to it. Φext is also shown in Fig. 4.8 with calculated uncertainty due to 

measurements (Table 3.2). The deviations in Φext are slightly larger than 1 at NOx < 3.6 ppbv 

compared to higher NOx > 3.6 ppbv. For more than 82 % of data set, the observed deviations 

in Φext are within the range of the uncertainty in Φext.  

The overall population average of Φext is plotted in the lower panel of Fig. 4.8. The 

standard error of the average is derived from the distribution of Φext by using 1σ / √n. Only a 

single data point with a value Φext = 3.70 at NOx = 3.36 ppbv is omitted from the calculation 

of the average, as it does not seem to be the part of the distribution. The average value of Φext 

is 1.09 with standard error of ± 0.02. The average uncertainty due to measurement for Φext is 

± 0.2 (1σ). Due to the uncertainty (± 0.2) of measurements, the average value (1.09) of Φext is 

not significantly different from unity. The sensitivity of the average value of Φext = 1.09 is 

also tested by varying the values within the uncertainty of some parameters in Φext (Eq. 1.6). 

The lowest uncertainty in the measured NO is about 0.021 ppbv. By changing the measured 

NO to + 0.021 ppbv, the average value for Φext is improved to 1.045 ± 0.13 (1σ) with a 

standard error of 0.01. If the values for jNO2 are reduced to 5 %, the average value for Φext 

distribution is 1.035 ± 0.14 (1σ) with standard error of 0.01. Similarly, combining these two 

variations of NO and jNO2, the average of Φext is 0.99 ± 0.131 (1σ). This suggests that within 

the uncertainty of the measurements, Φext appears to 1 for case-4 (combine change in NO and 

jNO2) as shown in Fig. 4.8, it is still noteworthy that in the case-1 (normal) a systematic bias 

remains as shown in the lower panel of Fig. 4.8. 
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Fig. 4.8: Overview of Φext (with measurement uncertainties) as a function of NOx mixing 

ratios in the upper panel with x-axis in log scale. The lower panel shows averages with ± 1σ 

variability. Note that for the lower panel, all avg. Φext have less than 1.2 % standard error 

(1σ / √n).  
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The PSS was further tested to verify the significance of deviations with respect to the 

measured NO2 during PARADE. NO2 from the PSS is calculated for two cases: with and 

without ROx inclusion as shown in Eq. 4.7 and Eq. 4.8, respectively. 
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The absolute errors in the calculated NO2 were evaluated by using propagation of errors 

according to the relation in Eq. 4.9. Xi represents the different quantities in Eq. 4.9. The 

maximum and minimum absolute errors in (NO2)PSS and (NO2)PSSext are given in Table 4.1 

for two different NOx ranges. The relative errors are found to be larger for the lower NOx 

values for both (NO2)PSS and (NO2)PSSext. 
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Table 4.1: Absolute errors in NO2 calculated from PSS (Eq. 4.7 and Eq. 4.8). 

 NOx ≤ 3.8 ppbv NOx > 3.8 ppbv 

Min 

(ppbv) 

Max 

(ppbv) 

Mdn 

(ppbv) 

Min 

(ppbv) 

Max 

(ppbv) 

Mdn 

(ppbv) 

(NO2)PSS 0.08 0.46 0.25 0.32 1.48 0.62 

(NO2)PSSext 0.09 0.52 0.30 0.36 1.5 0.66 

 

Based on the York method (York et al., 2004), which takes both x and y errors into account 

(Fig. 4.9), a good overall correlation [R2 > 0.95] is observed between the measured NO2 and 

calculated NO2 [(NO2)PSS and (NO2)PSSext].  
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Fig. 4.9: Calculated NO2 from PSS versus measured NO2 during PARADE. Three different 

possibilities are shown A = (NO2)PSS, B = (NO2)PSSext, C = (NO2)PSSext [@ 

NO = NO + 0.021 ppbv and jNO2 = jNO2 – (0.05 × jNO2)]. 

 

(NO2)PSS from Eq. 4.7 is overall 10 % less than the measured NO2. In contrast, taking the 

ROx measurements into account in the (NO2)PSSext calculation (Eq. 4.8), reduces the 

difference to 4 % compared to the measured NO2. For the combined effect of cases 

‘NO = NO + 0.021 ppbv’ and ‘jNO2= jNO2 – (0.05 × jNO2)’ as described in this section 

above, (NO2)PSSext is further improved and overestimated by only 2 % compared to the 

measured NO2.  

 The remaining deviations (> 1) in Φext were smaller than the uncertainty in Φext. The 

sensitivity of Φext was tested by varying NO and jNO2 below the corresponding uncertainty of 

measurement and further improvements in reducing the remaining deviations were observed. 

It seems that the Φext converged to unity within the uncertainties of measurements (case 4, 

Fig. 4.8). Similarly, in the second approach, the NO2 calculations based on Eq. 4.8 agree 

reasonably well with the measured NO2 below the uncertainty of the NO2 measured data 
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(about 5 %). Therefore, it is concluded that the NOx-related photochemistry is explained by 

the PSS model during PARADE and it is consistent with the field measurements of NO2 

though within the uncertainty of the measurements. It is important to mention that a small 

bias persists in Φext or the NO2 calculations from PSS for normal-cases and this bias could 

translate up to about 10 pptv of ‘equivalent RO2’ concentrations but considering the 

uncertainties of the measurements it is statistically insignificant. Concluding for PARADE, a 

statistical evidence to justify the presence of an ‘unknown oxidant’ is insufficient and limited 

by the measurement uncertainties. 
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5 HUMPPA-COPEC-2010: NOₓ photochemistry  

Emissions of reactive organic species from a boreal forest provide sinks for oxidants OH, O3 

and NO3. The boreal forest makes up one-third of the world’s forest and covers about 15 

million km2 area of the northern latitude (FAO, 2010); the impact on the oxidation 

photochemistry over this large area of land is expected to be large. The general objective of 

the field experiment was to characterise the chemical and physical phenomenon of the 

atmosphere over a boreal forest (Williams et al., 2011). This includes the study of the HOx 

budget (Hens et al., 2013), organic aerosol characterisation (Vogel et al., 2013), a study of 

PAN and peroxyacetic acid (PAA) with its implications for PAN fluxes (Phillips et al., 2013), 

OH reactivity (Nölscher et al., 2012), emissions rates of terpenes (Yassaa et al., 2012), and 

the impact of the boundary layer on the atmospheric chemistry (Ouwersloot et al., 2012). The 

objective of the work in this chapter is to investigate the PSS under very low NOx conditions. 

A model is also used to test the validity of our current understanding of the cycling between 

NOx and the potential role of an ‘unknown oxidant’. The role of alkyl nitrates is also 

discussed in relation to the NOx lifetime and O3 production efficiency (OPE) in the boreal 

forest region. 

 

 

5.1 Overview HUMPPA-COPEC-2010 

HUMPPA-COPEC (Hyytiälä United Measurements of Photochemistry and Particles in Air -

 Comprehensive Organic Precursor Emission and Concentration study) campaign took place 

between 12 July and 12 August 2010 at the boreal forest research station SMEAR II (Station 

for Measuring Ecosystem-Atmosphere Relation) at Hyytiälä (181 m ASL; 61°51' N, 24°17' 

E), Southern Finland. The location is a remote area with high biogenic emissions. The dense 

forest coverage within 5 km the station is composed of coniferous46 forest (62 %), mixed47 

forest (25 %), and shrubs (7.6 %). Coniferous trees are a significant contributor to emissions 

of monoterpenes and these emissions are a function of temperature (Guenther et al., 1995). 

The nearest large city is Tampere (200k pop. in 2012) at a distance of about 60km S-SW 

direction from the station. SMEAR II (Hari and Kulmala, 2005) is equipped with towers and 

                                                 

46 mainly Scots pine and spruce 
47 Birch and confers 
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masts to provide platforms for several instruments to monitor the atmospheric parameters at 

different altitudes.  

The average temperature during the period of measurement was 20 °C with variations 

of ]10, 33[ °C. These were remarkably high compared to temperatures recorded in previous 

years at the location. A comparison of temperatures with previous years can be found in 

(Williams et al., 2011). The pressure varied in the range of ]979, 1003[ hPa with an average 

value of 992 hPa. Daylight lasted about 18h at the site location during HUMPPA-COPEC. 

Based on three-day HYSPLIT back trajectories (Draxler and Hess, 1998), air mass origin can 

be segregated into the four wind sectors (NW, NE, SW, and SE) (Williams et al., 2011).  

Most (53.7 %) of the air masses arrived at site from the SW direction. The contributions to 

the air mass originating from the SE and NW were 20.7 % and 10.3 %, respectively.  

Analytical techniques: For HUMPPA-COPEC, an additional tower was installed at 

the SMEAR-II site. The height of tower was about 24 m and the top of the tower was about 

2 - 3 m above the forest canopy. The inlet lines and sensors for different atmospheric 

parameters were at top of the tower (24 m). Table 5.1 gives an overview of the measured gas 

species and photolysis frequencies at the top of tower related to this discussion. The analysis 

is based on the available 5 min averages of the data set listed in Table 5.1. A vast data set of 

more than 50 parameters was measured at different heights and within a radius of 200 m. A 

detailed list of instrumentation can be found in (Williams et al., 2011). The time series of 

important quantities regarding the PSS (Table 5.1) are shown in  

Fig. 5.1 and appendix 7.4.1.1. Based on results from PARADE, it was observed that 

HO2 and RO2 along with O3 are important for the PSS analysis, so during HUMPPA-COPEC 

a period is selected when HO2 and OH (a precursor for RO2) measurements above the canopy 

were available. The period starts on the 1st of August 2010 (JD = 213) and lasts until the 7th 

of August 2010 (JD = 219). The local time during HUMPPA-COPEC at the observatory was 

UTC + 3. 

 Highest values of photolysis frequencies were present at 10:00 UTC. OH and HO2 

radicals were measured with a well-established instrument based on laser-induced 

fluorescence technique. Details of the measurement setup and procedure for HUMPPA-

COPEC are discussed in (Hens et al., 2013;Novelli et al., 2014). OH followed a pronounced 

daily profile with peak concentrations at about 10:00 UTC (maximum value of 

4.6 ×106 molecule cm-3). The variations in HO2 were in the range of [2.5, 46.7] pptv with a 

median value of 12 pptv. NO and NO2 measurements were conducted with a 

chemiluminescence detector (CLD) (Hosaynali Beygi et al., 2011). An increase in the NO 
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concentrations was observed beginning at sunrise around 2:00 UTC in the morning because 

of the photolysis of NO2. From 12:00 UTC onward, NO concentrations were started to 

decrease until 19:00 UTC (Fig. 5.1). During the night, from about 8:00 UTC to 2:00 UTC, 

the median value of the observed NO was 1.2 ± 2 (1σ) pptv. Lower NO2 concentrations had 

been measured from 6:00 to 18:00 UTC with a median value of 0.25 ± 0.1 (1σ) ppbv. For the 

remaining interval, the median value of NO2 was 0.45 ± 0.2 (1σ) ppbv. The variation in NO2 

for the whole period was [0.09, 2] ppbv (Fig. 5.1). O3 was measured by using the UV-

absorption technique described in (Gros et al., 1998). The concentration of O3 showed a 

positive trend with respect to time from 4:00 to 12:00 UTC and decreased for the later period 

until 4:00 UTC. The median concentration of O3 was 41.6 ppbv with variations of 

]22, 62[ ppbv.  

 

Table 5.1: A list of instrumentation during HUMPPA-COPEC related to this discussion.  

Parameter Instrument/Technique LOD Uncertainty Institute 

O3 UV  1 ppbv 1 %; 4 ppbv MPIC  

NO CLD 5 pptv  10.3 pptv + 5 % MPIC  

NO2 CLD (+BLC48) 5 pptv  14.2 pptv + 6 % MPIC  

OH 

 

IPI-LIF-FAGE49 9×105cm-3 Accu. = 30 % 

Prec.= 5×105cm-3 

MPIC  

HO2 LIF-FAGE 0.4 pptv
 Accu. = 30 % 

Prec. < 0.8 pptv 

MPIC 

Photolysis freqs. Filter-radiometer - 5 - 15  % FZ Jülich 

Total OH Reactivity CRM50 3 s-1 Accu. = 16 % 

Prec.   = 3 - 4 s-1 

MPIC 

BVOCs TD-GC-MS51 9 pptv 10 - 15 % MPIC 

PAN CIMS - - MPIC 

HCHO Aerolaser AL4021 17.4 pptv 34 % MPIC 

CO Aerolaser AL5002 1 ppbv < 10 % MPIC 

Meteo. - - - SMEAR II 

                                                 

48 Blue light convertor 
49 InletPreInjector-Laser-Induced Fluorescence-Fast Gas Expansion  
50 Comparative Reactivity Method (Nölscher et al., 2012) 
51 Thermal Desorber Gas Chromatograph Mass Spectrometer 
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Fig. 5.1: Time series of 

some important trace gas 

species, jNO2, and 

meteorological 

parameters during 

HUMPPA-COPEC-2010 

in the upper panel. Lower 

panel shows an overview 

of the setup.

Original picture by R. Königstedt (MPIC)  
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5.2 Leighton ratio (Φ)  

The conditions during HUMPPA-COPEC were different than PARADE in terms of the NOx 

and BVOCs concentrations. The O3 concentration was similar to the one for PARADE. 

Generally, the conditions in HUMPPA-COPEC can be regarded as NOx-limited (Section, 

5.4).   

 A sufficient actinic flux and O3 concentrations are required to achieve the PSS within 

a short period of time. To gain access the period where the PSS is expected to become 

established in a short time interval, the data for Φ (Eq. 1.4) is filtered for jNO2 

(jNO2  ≥ 5 × 10-3 s-1) as it was in the analysis of the PARADE data set. During HUMPPA-

COPEC, the average value of the estimated time to establish NOx equilibrium was 40 s with a 

variation of ]29, 61[ s. Variations in radiation, such as passing clouds can perturb the PSS. In 

this case, the effect of local variation in the radiation is assessed by calculating point-to-point 

relative differences in the available 5 minute averages of the measured jNO2 data. The 

relative change for most of the data set is less than 20 %. There was no correlation observed 

between variation in jNO2 and deviation in Φ (appendix 7.4.1.2). The reason for the lack of 

correlation is that the data set for the calculation of Φ is based on averages over a longer time 

period compared to the time required for the PSS to establish. Based on the locally measured 

wind speeds, NOx should be in equilibrium within a distance of less than 200 m around the 

sampling point. The major roads around the observatory are at a distance of 1 km (SW), 

1.8 km (W), and 1.9 km (E). Therefore, emissions of NOx at these roads are unlikely to 

perturb the local PSS at the sampling site. Note all upcoming discussions are based on the 

filtered data.  

NOx concentrations52 during HUMPPA-COPEC were low compared to PARADE. Φ 

(Eq. 1.4) is calculated for HUMPPA-COPEC based on measured data of NO, NO2, O3, and 

jNO2. Φ as a function of NO for both HUMPPA-COPEC and PARADE is shown in Fig. 5.2. 

Deviations in Φ > 1 are larger in HUMPPA-COPEC compared to PARADE. This indicates 

that the role of oxidants other than O3 in converting NO to NO2 is higher compared to 

PARADE. The deviation (> 1) in Φ in the case of HUMPPA-COPEC increased with a 

decrease in NO concentrations up to 44 pptv, while a decreasing trend is observed with the 

further decrease in NO below 44 pptv. This decreasing trend is discussed further in Section 

5.5. The relative error in Φ in case for HUMPPA-COPEC due to parameters in Eq. 1.4 varied 

                                                 

52 HUMPPA-COPEC; NOx = ]0.1, 0.9[ ppbv and  NO = ]0.019, 0.25[ ppbv 

    PARADE;   NOx = ]0.7, 13.5[ ppbv and NO = ]0.09, 5[ ppbv 
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from 30 to 65 % at NO values of 100 to 20 pptv (appendix 7.4.1.3). The lifetime of O3 

including deposition during HUMPPA-COPEC was within ]1 × 105, 3 × 105[ s. Lifetimes of 

NO and NO2 due to reaction with OH at OH > 0 were within ]2 × 104, 8 × 105[ s and 

]1.8 × 104, 7 × 105[ s, respectively. These lifetimes are in the order of 104 to 105 s and very 

high compared to the time required ( ]29, 61[ s ) for NOx to reach equilibrium, so the 

reactions ‘O3 + BVOCs’, ‘NO2 + OH’, and ‘NO + OH’ are unlikely to contribute in Φ > 1 

deviations as had been observed in the case of PARADE.  

 

 

 

Fig. 5.2: Φ as a function of NO for HUMPPA-COPEC-2010 and PARADE-2011. NO 

concentrations on x-axis are represented in log scale.  
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5.2.1.1 Φext2 (Inclusion of NO + HO2 in Φ) 

BVOCs and OH are precursors for ROx and larger concentrations of these species were 

measured (appendix 7.4.1.1) during HUMPPA-COPEC compared to PARADE, so the 

deviations in Φ (> 1) due to high ROx are expected to be larger as well. HO2 measurements 

were available during HUMPPA-COPEC. Based on these measurements, the contribution of 

R. 1.2 to Φ is introduced and defined as Φext2 (Eq. 5.1).  

 

 

      NOHOkOk

NOjNO
:Φ

21.231.1

22
ext2


              Eq. 5.1 

 

In (Eq. 5.1), k1.2 (Atkinson et al., 2004) is the rate coefficient for the reaction of NO and HO2 

(R. 1.2). Φ and Φext2 are shown in Fig. 5.3 as a function of NO for HUMPPA-COPEC. The 

deviations (Φ > 1) are reduced with inclusion of ‘NO + HO2’ contributions, but Φext2 is still 

significantly larger (40%) than unity at levels of NO < 0.1 ppbv and the remaining deviations 

(> 1) in Φext2 are expected to be from ‘NO + RO2’. The calculated NO2 from the PSS (Eq. 

4.7) was about 17 % less than the measured NO2 for HUMPPA-COPEC, whereas this 

difference was only 11 % in case of PARADE. If all deviations in Φ for HUMPPA-COPEC 

are related to peroxy radicals and no unknown chemistry is involved, then this difference of 

the calculated NO2 (Eq. 4.7) tells that the concentrations of peroxyradicals are roughly a 

factor of about 1.5 higher than during PARADE. The difference decreased 17 % to 9 %, after 

inclusion of HO2 in the PSS by using Eq. 5.2 for HUMPPA-COPEC. Eq. 5.2 is slightly 

different from Eq. 4.8, as this only contains HO2 measurements, not ROx (available in case of 

PARADE). 
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Fig. 5.3: Φ and Φext2 as a function of NO for HUMPPA-COPEC. 

 

 

5.2.1.2 Estimation of RO2 from Φext2 

If it is assumed that the cause for the deviation in Φext2 (> 1) is RO2, then this difference (>1) 

can be used to derive RO2 concentrations for HUMPPA-COPEC according to relation Eq. 

5.3.  

   

 
   

 1Φ
k

HOkOk
RO ext2

1.3

21.231.1

PSS2 


           Eq. 5.3 

 

In Eq. 5.3, k1.3 is generic rate coefficient for reaction between RO2 and NO (Jenkin et al., 

1997;Saunders et al., 2003). For HUMPPA-COPEC, the median value of the ratio between 

(RO2)PSS and HO2 is 1.04 ± 0.5 (1σ). (RO2)PSS concentrations are shown as a function of NO 

in Fig. 5.4. A negative trend is observed in (RO2)PSS with respect to increase in NO 
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concentrations. Concentrations of (RO2)PSS below 20 pptv are calculated at NO 

levels  > 100 pptv, while the variations in (RO2)PSS at NO levels < 100 pptv are in the range of 

]0, 51[ pptv.  

 

 

 

Fig. 5.4: Estimated RO2 for HUMPPA-COPEC as a function of NO. 
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5.3 Box model simulations 

Deviations (> 1) in Φ are observed as shown previously in Fig. 5.3. These deviations (> 1) 

decline with the inclusion of the ‘HO2 + NO’ contribution for the case of Φext2. RO2 

measurements were not available during HUMPPA-COPEC. So to assess the effects of RO2 

on remaining deviations (> 1) in Φext2 (Fig. 5.3), an alternative method is used to calculate 

RO2.  

 Numerical models are used commonly in the atmospheric studies to simulate the 

effects of missing species. These models are often combined with chemical and physical 

processes. In this case, CAABA/MECCA [Chemistry As A Boxmodel Application / Module 

Efficiently Calculating the Chemistry of the Atmosphere] model is used to estimate the levels 

of RO2 for HUMPPA-COPEC. 

 

5.3.1 Introduction to the mechanism applied 

CAABA is a box model used with MECCA chemistry and it is referred as CAABA/MECCA 

(Sander et al., 2011a). MECCA includes a comprehensive set of atmospheric reactions. In 

this case the monoterpene mechanism (MTM) is used together with the MIM3* mechanism. 

MIM3* mechanism is an MIM2 [Mainz Isoprene Mechanism (Taraborrelli et al., 2009)]-like 

version of MIM3 (Taraborrelli et al., 2012) with oxidation of the major terpenes (α-pinene, β-

pinene, β-myrcene, Δ2-carene, Δ3-carene and α-farnesene) additionally added (Hens et al., 

2013). The difference between MIM3 and MIM3* is that reactions like ‘RO2 + HO2’, 

hydroperoxy-aldehyde and H-shifts are considered as in MIM2. The oxidation of α- and β-

pinene is same as in MCM [Master Chemical Mechanism, MCM3.2 (Jenkin et al., 

1997;Jenkin et al., 2005)], while the oxidation of β-myrcene and α-farnesene follows an 

isoprene like oxidation path with carene assumed to yield products similar to α-pinene. A 

detailed set of equations in the mechanism can be found in Section 7.5 or in the supplement 

of (Hens et al., 2013) . The deposition of nitrates, PAN, aldehydes, and peroxides in the 

mechanism is added from the literature (Evans et al., 2000). The halogen and sulphur 

chemistry with heterogeneous and aqueous phase reactions were deactivated in the 

simulations.  

The model is constrained to include quantities like concentrations of NO, O3, OH, 

HO2, H2O, HCHO, isoprene, α-pinene, β-pinene, Δ3-carene, β-myrcene and photolysis 

frequencies, i.e. the values are fixed to observed concentrations. The simulations terminates 
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when NO2 has reached equilibrium. These simulations are only carried out if data of all 

constrained species is available at a photolysis frequency of jNO2  ≥ 5 × 10-3 s-1.  

 

5.3.2 Results of simulations   

An estimate of different RO2 species has been obtained based on CAABA/MECCA 

simulations. The CAABA/MECCA simulations are referred as simulations for the remainder 

of the text. The simulated median values of the mixing ratios of RO2 species from different 

precursors are given in Table 5.2. From the simulations, about 70 % of relative median 

fractions are due to α-pinene-related RO2 and methyl peroxy radical (CH3O2). CH3O2 is the 

largest individual contributor to the RO2 concentration. The relative contributions to total 

RO2 from isoprene-related RO2 are less than 10 % based on median values. Total median 

contributions from β-pinene and myrcene-related RO2 are less than 5 %. Less than 17 % of 

the total RO2 fraction is from other RO2 species, mainly with C3, C4 and higher carbon 

numbers. A bar chart is shown in Fig. 5.5 that shows the relative fraction of RO2 species from 

different precursors as a function of the measured NO concentrations. In addition to CH3O2, 

monoterpene (pinene and carene)-related RO2 are considerably large compared to isoprene-

related RO2. This confirms the importance of monoterpenes compared to isoprene-related 

chemistry in boreal forest condition as concluded in previous studies (Williams et al., 

2007;Nölscher et al., 2012) . 

 

Table 5.2: Average, median and standard deviation values of different RO2(CAABA/MECCA) 

species. 

Type 
Average 

(pptv) 

Median 

(pptv) 

STD 

(1σ) 

CH3O2 2.50 2.37 1.34 

α - pinene related RO2 2.71 2.40 1.55 

β - pinene related  RO2 0.1 0.1 0.04 

Myrcene related  RO2 0.3 0.2 0.34 

Isoprene related  RO2 0.70 0.54 0.52 

RO2 with C4 0.25 0.22 0.19 

Others 1.10 0.86 0.84 
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Fig. 5.5: Relative fraction of RO2(CAABA/MECCA) as a function of NO. 

 

The sum of RO2 based on simulation values [(RO2)CAABA/MECCA] mostly stayed below 10 pptv 

for NO > 100 pptv. At low NO concentrations, the variations in (RO2)CAABA/MECCA are within 

the interval of ]0, 27[ pptv. Based on the median values, the derived (RO2)PSS from the PSS 

(Eq. 5.3) are higher than the simulated (RO2)CAABA/MECCA by a factor of 2.72 ± 3.6 for NO < 

100 pptv and 2.02 ± 1.4 for NO > 100 pptv. More than 90 different RO2 species are present in 

the applied mechanism and ‘RO2 + NO’ reactions are differentiated based on yields and some 

rate coefficients for NO2 formation. All ‘RO2 + NO’ reactions from simulations are 

considered separately and applied individually to investigate the PSS. In Fig. 5.6, Φ, Φext2 and 

Φext are plotted as a function of NO. As a brief reminder for the reader, Φ only contains the 

contribution of ‘NO + O3’, while Φext2 only contains contributions from ‘NO + O3’ and 

‘NO + HO2’. Φext contains the contribution of ‘NO + O3’, ‘HO2 + NO’ and ‘(RO2)1→n + NO’. 

There are significant deviations (> 1) up to about 30 - 40 % remaining for levels of NO 

(< 80 pptv). At higher levels of NO (> 80 pptv), Φext almost converges to 1.1, but It can be 
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clearly observed that the simulated (RO2)CAABA/MECCA, measured HO2 and O3 are not 

sufficient to justify NO to NO2 conversion occurring especially at NO levels below 80 pptv.  

 

 

 

Fig. 5.6: Φ, Φext2, and Φext are shown as a function of NO. 
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5.3.2.1 Discrepancy between simulations and PSS 

The possible reasons for the discrepancy between simulations and the PSS system are 

discussed in the following sections.  

 

5.3.2.1.1 Rate coefficient for RO2 + NO 

It had been suggested that the rate coefficient for the calculation of (RO2)PSS could be critical 

(Matsumoto et al., 2006) and lead to a discrepancy. The rate coefficients for an individual 

‘RO2 + NO’ are different from the one used to derive (RO2)PSS from deviations of Φext2 (Eq. 

5.3). This difference in the rate coefficients between an individual ‘RO2 + NO’ and the 

generic rate coefficient can lead to the discrepancy. The advantage of the MIM3* mechanism 

is that the rate coefficients for the individual ‘RO2 + NO’ reactions are differentiated based on 

yields and some rate coefficients for the formation of NO2. A weighted rate coefficient ‘k1.3W’ 

for the reaction ‘RO2 + NO’ (R. 1.3) is calculated and compared with the generic rate 

coefficient ‘k1.3’ applied in the case of (RO2)PSS (Eq. 5.3). The relative amounts of various 

RO2 species to sum in RO2 [(RO2)CAABA/MECCA] is provided by simulations. ‘k1.3W’ is 

calculated according to relation Eq. 5.4.  
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Considering the temperature dependence, the calculated average and median values of 

weighted rate coefficient ‘k1.3W’ are 9.53 × 10-12 and 9.45 × 10-12 cm3 molecule-1 s-1, 

respectively, while the generic rate coefficient ‘k1.3’ in Eq. 5.3 has average and median values 

of 9.15 × 10-12 and 9.14 × 10-12 cm3 molecule-1 s-1, respectively. So the difference between 

both rate coefficients is less than 5 %. The difference between ‘k1.3W’ and ‘k1.3’ is not 

sufficient to explain a factor > 2 over-estimation of the derived (RO2)PSS compared to the 

simulated RO2(CAABA/MECCA).  

 

5.3.2.1.2 Halogen oxides 

Halogen chemistry was deactivated in simulations. Halogen oxides are well known to react 

with NO and form NO2 (R. 1.4) but these reactions are not expected in the absence of halogen 
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sources like sea salt spray in the middle of a boreal forest region in the case of HUMPPA-

COPEC. The required amounts of halogen oxides based on deviation in Φext can be estimated 

as in Eq. 5.5. 

 

 
     

 1Φ
k
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        Eq. 5.5 

  

In Eq. 5.5, k1.4 is a rate coefficient for the reaction between halogen oxides and NO (R. 1.4). 

XO is representative of halogen oxides such as ClO, BrO and IO. The value of rate 

coefficients for reactions ‘ClO + NO’, ‘BrO + NO’, and ‘IO + NO’ varies in the range of 

[1.95, 2.1] × 10-11 cm3 molecule-1 s-1 at 298 K based on IUPAC data. In Eq. 5.5, an average 

value of rate coefficient (1.91 × 10-11 cm3 molecule-1 s-1) for the reactions ‘ClO + NO’, 

‘BrO + NO’, and ‘IO + NO’ is used. Based on Eq. 5.5, the calculated average and median 

values for XO concentrations are 6.1 ± 5.1 (1σ) pptv and 6.0 ± 5.1 (1σ) pptv at NO < 100 pptv, 

respectively. The variations in the estimated concentrations of XO are in the range of ]–

 4, 18[ pptv at NO less than 100 pptv. For NO larger than 100pptv, the estimated average and 

median values for XO concentrations are 3.1 ± 2 (1σ) pptv and 2.5 ± 2 (1σ) pptv, respectively 

and the variation in the estimated XO are within the interval of ] – 2, 6[ pptv. The required 

concentrations of XO to explain deviations in Φext are very large and no measurement has 

been reported with such a high concentrations of halogen oxides in a boreal forest.  

 

5.3.2.1.3 Unknown oxidant 

Levels of RO2 from deviations in Φ are not explained by the model studies or measurements 

in the past (Carpenter et al., 1998). It had been concluded that the presence of an unknown 

oxidant converting NO to NO2 could lead to unexplained deviations in Φ > 1 (Volz-Thomas 

et al., 2003;Mannschreck et al., 2004;Hosaynali Beygi et al., 2011). In order to test the 

hypothesis of unknown oxidant for the location, it is important to check whether the amount 

of VOCs yielding to RO2 production is complete in simulations. Almost all VOCs react with 

OH, so the loss rate of OH in CAABA/MECCA would be a good indicator of completeness 

of the constrained VOCs.   

The total OH reactivity (s-1) [(OHReact)meas] was measured above the forest canopy 

during HUMPPA-COPEC. (OHReact)meas was detected based on a Comparative Reactivity 

Method (CRM). In the CRM, the total OH reactivity is determined by the competitive-
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reactions of OH to a selected reagent e.g. pyrrole compared to OH by other atmospheric 

reactive compounds (Nölscher et al., 2012). The model does not provide the OH reactivity 

directly; therefor it is calculated based on simulation results by summing all loss rates of OH 

and dividing them by the OH concentration.  

The ratio between the measured and simulated OH reactivity 

[(OHReact)meas / (OHReact)CAABA/MECCA] is shown in Fig. 5.7 as a function of NO for 

HUMPPA-COPEC. The simulation failed to reproduce the values of (OHReact)meas. 

(OHReact)CAABA/MECCA mostly under-estimated by a factor in the range of ]1.01, 8[ compared 

to the measured (OHReact)meas. Generally, the under-estimation of (OHReact)CAABA/MECCA is 

larger at around 50 pptv NO and at about the same level of NO, the maximum deviations 

(> 1) were observed in Φ (Fig. 5.6). Also unexplained deviations in Φext [with O3, HO2, and 

(RO2)CAABA/MECCA] are higher at similar scales of NO (Fig. 5.6). In simulations, it was 

observed that the constrained VOCs are not sufficient to explain (OHReact)meas. The reaction 

between VOCs and OH is a precursor for RO2, so a missing OH reactivity in simulations is 

an indication of the missing RO2 precursors, leading to under-estimation of (RO2)CAABA/MECCA 

compared to (RO2)PSS. This could be a possible reason for the unexplained remaining 

deviations in Φext after using (RO2)CAABA/MECCA. This hypothesis of missing VOCs for the 

input of simulation is tested further and explained in the next section.  
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5.3.2.2 Tuning of (OHReact)CAABA/MECCA  

A series of simulations were performed using an increment of the measured BVOCs 

concentrations large enough to achieve a match between the measured total OH reactivity 

[(OHReact)meas] and the OH reactivity from the model [(OHReact)CAABA/MECCA ]. An initial 

guess for how much to increase all constrained BVOCs was provided by the difference in the 

ratio between (OHReact)meas and (OHReact)CAABA/MECCA. Increasing BVOCs concentrations 

by some factor, to get a match between (OHReact)meas and (OHReact)CAABA/MECCA, is referred 

to here as tuning (OHReact)CAABA/MECCA. Tuning is done until (OHReact)CAABA/MECCA and 

(OHReact)meas agree within a difference of ± 5 %. This procedure is only performed for those 

data points where the ratio (OHReact)meas / (OHReact)CAABA/MECCA was greater than 1. The 

ratio between (OHReact)meas and tuned (OHReact)CAABA/MECCA is shown in Fig. 5.7. Also, the 

plot in Fig. 5.7 is colour-coded to show the additional tuning factor for the measured BVOCs. 

A factor of 1 means no increase in the measured BVOCs whenever the measured reactivity 

was smaller than the model reactivity. 

 

 

 

Fig. 5.7: Ratio between the total measured and simulated OH reactivity as a function of NO. 
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Prior to the tuning, no correlation was observed between the simulated RO2 

[(RO2)CAABA/MECCA] and (OHReact)meas as shown in the left panel of Fig. 5.8. Based on 

simulations without the tuning, the ratio (RO2)PSS / (RO2)CAABA/MECCA was 2.73 (Mdn.), 

3.84 (avg.) ± 3.6 (1σ) at NO concentrations of ≤ 100 pptv and 2.03 (Mdn.), 

2.24 (avg.) ± 1.4 (1σ) at NO concentrations  > 100 pptv, respectively. (RO2)CAABA/MECCA was 

lower than (RO2)PSS by a factor 2 to 3.   

 After the tuning of the OH reactivity, (RO2)CAABA/MECCA from the new simulations 

correlates with (OHReact)meas as shown in the right panel of Fig. 5.8. The ratio between 

(RO2)PSS and (RO2)CAABA/MECCA is improved to 1.11 (Mdn.), 1.24 (avg.) ± 0.6 (1σ) at less 

than 100 pptv of NO for the new simulations with the tuned OH reactivity. Based on this 

improvement for the ratio between (RO2)PSS and (RO2)CAABA/MECCA, it is therefore likely that 

a lack of VOCs in the previous simulations was the major cause for underestimation of 

(RO2)CAABA/MECCA compared to (RO2)PSS. 

 

 

 

 

Fig. 5.8: RO2 based on simulations as a function of the measured OH reactivity. The left hand 

side in the figure is prior to the tuning while the right hand side is based on tuned 

(OHReact)CAABA/MECCA . 
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The remaining deviations in Φext (> 1) as shown previously in Fig. 5.6 are further investigated 

based on the new simulations with the tuned (OHReact)CAABA/MECCA. Φext is again calculated 

for the new simulations, and referred to here as Φext(T), is shown in Fig. 5.9 along with Φ and 

Φext. An improvement in the reduction of the deviation with the tuned (OHReact)CAABA/MECCA 

for the case of Φext(T) is clearly visible in Fig. 5.9. The overall median and average values of 

Φext(T) are 1.001 ± 0.105 (1σ) and 0.996 ± 0.105 (1σ), respectively. Neglecting the one outlier 

in Φext(T) [Φext(T) = 0.63 at NO = 0.11 ppbv], the median and average values for remaining of 

Φext(T) are 1.00 ± 0.07 (1σ) and 1.01 ± 0.07 (1σ), respectively. 

 

 

 

 

Fig. 5.9: Φ, Φext is based on the measured data and simulations at normal BVOCs 

concentrations.  Φext(T) is based on results from the new simulations with the tuned OH 

reactivity in the model. 
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Prior to the tuning of (OHReact)CAABA/MECCA, the ratio between the measured NO2 [NO2(meas)] 

and the simulated NO2 [NO2(CAABA/MECCA)] as a function of NO concentration is shown in 

(Fig. 5.10, [A]). A considerable difference, larger than the uncertainty (avg. < 13%) of the 

NO2 measurement, exists between the measured NO2 and NO2(CAABA/MECCA). 41.7 % of 

NO2(CAABA/MECCA) data points under-estimated compared to the NO2 measurement by 

]10, 40[ %. About 45.6 % of NO2(CAABA/MECCA) data points from simulations under-estimated 

the measurements ≤ 10 %. Only 12.6 % of NO2(CAABA/MECCA) data points over-estimated the 

measurements up to 10 %.  

 The ratio between NO2(meas) and NO2(CAABA/MECCA) is improved for the simulations 

with the tuned (OHReact)CAABA/MECCA. For the data set where OH reactivity data was 

available, except for a single outlying data point with a value of 0.61 at 110 pptv of NO, all of 

the deviations in NO2(meas) / NO2(CAABA/MECCA) (tuned) are within ± 15 % from unity as shown 

in Fig. 5.10 panel [B]. The corresponding data points without tuned (OHReact)CAABA/MECCA 

simulations are plotted in Fig. 5.10 panel [B]  for comparison. The error bars are plotted in 

Fig. 5.10 panel [B] at 1 ± uncertainty of the measured NO2. Despite a single point, all of 

variations in the ratio are below the uncertainty of NO2 measurements. 

The production rates of O3 are also simulated to compare with P(O3)PSS (Eq. 1.10). A 

minor branch of the reaction ‘RO2 + HO2’ that leads to O3 formation had been reported in 

literature [e.g. MCM3.2 (Jenkin et al., 1997;Saunders et al., 2003), (Groß, 2013)]. In the 

simulation results, the ‘RO2 + HO2’ branch leading to the O3 formation was in order of 105 

molecule cm-3 s-1 and it is therefore negligible compared to reactions ‘RO2 + NO’ and 

‘HO2 + NO’ in the order of 107 molecule cm-3 s-1.  

Without the tuned (OHReact)CAABA/MECCA, the production rates of O3 

[P(O3)CAABA/MECCA] based on simulations were under-estimated by about 30 to 50 % 

compared to the rate derived from the PSS (Eq. 1.10, P(O3)PSS). The average and median 

values of the ratio P(O3)PSS / P(O3)CAABA/MECCA at NO < 100 pptv were 1.50 ± 0.5 (1σ) and 

1.46 ± 0.5 (1σ), respectively. At NO > 100 pptv, the average and median values of the ratio 

P(O3)PSS / P(O3)CAABA/MECCA were 1.30 ± 0.27 (1σ) and 1.31 ± 0.27 (1σ), respectively.  

With the tuned (OHReact)CAABA/MECCA, the ratio between P(O3)PSS and 

P(O3)CAABA/MECCA is notably improved for simulations. The new average and median values 

of this ratio at NO < 100pptv are 1.04 ± 0.24 (1σ) and 1 ± 0.24 (1σ), respectively. This 

improvement in the ratio shows that the model has explained reasonably well the production 

of O3 compared to the PSS approach and the previously found bias is considerably reduced.  
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 The uncertainty of simulated results due to rate coefficients is estimated by using the 

Monte Carlo method in CAABA/MECCA (Sander et al., 2011a). Typically, a Monte Carlo 

simulation consists of several hundred runs of the applied mechanism with slightly different 

rate coefficients in each run and the given model run is terminated at the equilibrium 

condition like just the actual simulation. The boundary for the variations in rate coefficients 

for Monte Carlo simulation was kept within the uncertainty of a rate coefficient. In the 

absence of an uncertainty estimate in the literature, the relative uncertainty of 25 % was used. 

The result from a Monte Carlo simulation of 9999 runs based on MIM3* mechanism is 

shown in Fig. 5.11. The binned frequency distribution from the Monte Carlo simulation is 

shown for various estimated quantities, such as the concentration of (RO2)CAABA/MECCA, the 

concentration of NO2(CAABA/MECCA), the OH reactivity based on the model simulations 

(OHReact)CAABA/MECCA and the instantaneous production rates of O3 from simulations 

[P(O3)CAABA/MECCA]. The relative uncertainty of different quantities based on Monte Carlo 

simulations is given in Table 5.3. The values in Table 5.3 describe the largest found 

uncertainty due to rate coefficients. 

 

Table 5.3: Relative uncertainty based on Monte Carlo simulations 

 Relative uncertainty (1σ)  

(RO2)CAABA/MECCA 14 % 

NO2(CAABA/MECCA) 25 % 

(OHReact)CAABA/MECCA 10 % 

P(O3)CAABA/MECCA 12 % 

 

 

Concluding for HUMPPA-COPEC, it has been observed that the NO to NO2 

conversion is reasonably well explained for the boreal forest and the deviations in Φ during 

HUMPPA-COPEC are accounted for by known chemistry. The main contributors to 

deviations in Φ are peroxy radicals. By adding measured HO2 + modelled RO2 using the 

tuned OH reactivity, the overall median and average values of Φext(T) were 1.001 ± 0.105 (1σ) 

and 0.996 ± 0.105 (1σ). Therefore, PSS is an effective and realistic approach for assessing 
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NO to NO2 conversion. Further, NOx chemistry in the current chemical mechanism 

reasonably agrees with the PSS system. 

 

 

 

 

Fig. 5.10: [A] Ratio [NO2(meas) / NO2(CAABA/MECCA)] as a function of NO for simulations 

without tuned OH reactivity. [B] Ratio [NO2(meas) / NO2(CAABA/MECCA)] as a function of NO for 

simulations with tuned (OHReact)CAABA/MECCA.   

[A] 

[B] 

 

 

Shaded area represents approx. 

1+ Avg. NO2 meas. uncertainty 
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5.4 Trend of instantaneous O₃ production in NOₓ-limited regime 

The instantaneous photochemical production rate of O3 [P(O3)PSS] is calculated by using Eq. 

1.10. The median value of P(O3)PSS for HUMPPA-COPEC is 1.15 ± 0.60 (1σ) × 107 

molecules cm-3 s-1. The instantaneous production rates of HUMPPA-COPEC are roughly a 

factor > 2 smaller than for PARADE at similar conditions of radiations (jNO2 ≥ 5 × 10-3 s-1). 

P(O3)PSS for HUMPPA-COPEC as a function of NO is shown in Fig. 5.12. The absolute 

uncertainty in P(O3)PSS at NO levels ≥ 0.1 ppbv is in the range of [0.9, 2.7] ×107 molecules 

cm-3 s-1. At low NO levels < 0.1 ppbv, the absolute uncertainty varied within the interval of 

[0.6, 1.4] × 107 molecules cm-3 s-1. The absolute average uncertainty of P(O3)PSS due to 

measurements is 1 × 107 molecules cm-3 s-1 with a 1σ variability of ± 0.3 × 107 molecules cm-

3 s-1. Generally, the relative uncertainties in P(O3)PSS decrease with increasing NO. A linear 

increase in P(O3)PSS is observed with respect to increasing NO during HUMPPA-COPEC.  In 

Fig. 5.12, P(O3)PSS shows two distinct gradients in respect to NO. The best separation 

between the two gradients could be distinguished by temperature ≤ / > 21 °C but the 

mechanism for an underlying process related to temperature is not clear. Comparing the 

slopes, the rise in P(O3)PSS with respect to NO were about 3 times faster at values below 

about 50 pptv of NO (Fig. 5.12) compared to values at elevated NO levels.  

 The instantaneous production of O3 is proportional to the NOx concentration during 

HUMPPA-COPEC. This type of trend of the O3 production versus NOx is usually expected in 

VOC-saturated or NOx-limited conditions (Thornton et al., 2002). In this regime, the main 

loss of radicals is due to the ‘radical + radical’ chain termination reactions such as 

‘HO2 + OH’, ‘HO2 + HO2’, and ‘HO2 + RO2’. Note ‘RO2 + RO2’ reactions are not loss 

reactions for the radicals and therefore not considered. The role of ‘radical + NOx’ reactions 

leading to chain termination is not expected to be significant. This has been investigated 

using a similar approach to one in a previous study at a different location (Thornton et al., 

2002). The losses of radicals due to chain termination processes are calculated from equations 

(Eq. 5.6, Eq. 5.7 and Eq. 5.8) as described in (Thornton et al., 2002). 

 

xxxx LHOLNOHOLNO          Eq. 5.6 

 

      NOROkαOHNOkLNO
PSS21.14eff21.7x      Eq. 5.7 
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PSS22ROHO

2

2HOHO2OHHOx ROHO2kHO2kOHHO2kLHO
22222    Eq. 5.8 

 

In Eq. 5.7 and Eq. 5.8, generic rate coefficients are considered for ‘kRO2 + NO’ and ‘kHO2 +RO2’ 

based on MCM3.2 (Jenkin et al., 1997;Saunders et al., 2003). The ANs production is 

described as in the reaction R. 1.14 by the branching ratio (αeff). The average fraction for the 

production of organic nitrates with > 2 carbon atoms can be up to 10 % under typical BVOCs 

emissions like isoprene and monoterpenes from a forest (Browne and Cohen, 2012). 

However, the fraction for the formation of CH3O2 + NO → CH3ONO2 is only 

(1 ± 0.7) %  (Butkovskaya et al., 2012). In the case of the tuned (OHReact)CAABA/MECCA 

(Section 5.3.2.2), the median value of the CH3O2 relative contribution to total RO2 was only 

23.7 %. The effective branching ratio (αeff) for ‘(RO2)PSS + NO’ in Eq. 5.7 should be smaller 

than 10 % as (RO2)PSS has major contributions from both types of VOCs, i.e. biogenic and 

CH4. By considering a 1 % yield of ANs from CH3O2 and 10 % yield of ANs from the rest of 

RO2, a value for αeff  ≈ 7 to 8 % had been determined for the total ANs formation in Eq. 5.7. 

A more detailed analysis is done in Section 5.6. 

 Radical + radical reactions (Eq. 5.8)  have shown a clear dominance over 

‘radicals + NOx’ reactions (Eq. 5.7) for this area. A median value of 1.24 ± 0.7 (1σ) × 107 

molecules cm-3 s-1 is calculated for LHOx (Eq. 5.8), which is much higher than that for LNOx 

(Eq. 5.7) with a median value of only 0.06 ± 0.03 (1σ) × 107 molecules cm-3 s-1. The ratios 

[LHOx / LNOxHOx and LNOx / LNOxHOx] are plotted against NO in Fig. 5.13. The relative 

efficiency (loss / total loss) of both loss processes are clearly separated over the whole range 

of NO concentrations during HUMPPA-COPEC. The loss of radicals due to ‘radical + 

radical’ reactions is dominant over the whole range of NO concentrations compared to the 

loss process due to reaction with NOx. The efficiency of the loss due to radicals radicals 

reactions stays above 90 % below 0.1 ppbv of NO. Generally a crossover in efficiencies is 

associated with the change of chemical regimes from VOC-saturated to VOC-limited 

(Thornton et al., 2002). The efficiencies of both loss processes approached at elevated NO 

level > 0.2 ppbv but never crossed each other. This supports the hypothesis that the regime 

during HUMPPA-COPEC was mainly VOC-saturated.  
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Fig. 5.12: P(O3)PSS as a function of NO during HUMPPA-COPEC-2010.  

 

Fig. 5.13: The efficiency of the chain termination processes as a function of NO.   
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(Fig. 5.2): Φ as a function of NO. 

Decline 

5.5 Decline in Φ at low NO 

A negative trend was observed in Φ with decrease in the NO concentrations from about 44 to 

20 pptv (Fig. 5.2). The peak value of Φ was observed at about 44 pptv of NO. The peak value 

(at 44 pptv NO) is determined by taking 

the average of Φ over NO bins of 

10 pptv.  A decrease was observed in 

OH and HO2 with respect to the 

decrease in NO below 44 pptv (Section 

7.4.1.4) during HUMPPA-COPEC. 

This decrease in radicals might be 

related to the decrease in the 

production of radicals or an increase in 

the loss of radicals mainly due to 

‘radical + radical’ reactions. OH is the 

precursor for HO2 and RO2, so a 

decrease in the OH concentrations would also lead to a decrease in HO2 and RO2 

concentrations. The conditions during HUMPPA-COPEC were mostly NOx-limited (Fig. 

5.13).  The point of decline at the peak in Φ is selected for further investigation of the 

production and loss efficiencies of O3 under a NOx-limited regime.  

 The instantaneous in-situ production rate of O3 [P(O3)PSS as in Eq. 1.10] was 

compared with the direct and indirect loss rates of O3.  The direct loss rates of O3 [DL(O3)] 

were calculated by considering individual available measurements of OH, HO2 and BVOCs. 

‘Radical + radical’ reactions decrease the in-situ production efficiency of O3. Radicals are 

formed in the chain of O3 as O3→OH→ROx→O3; at the end of chain, the initial O3 is 

recycled. But ‘radical + radical’ reactions lead to a chain termination and the initial O3 is not 

recycled. The radical loss rate due to ‘radical + radical’ reactions is referred as an indirect 

loss rate of O3 [IL(O3)]. For HUMPPA-COPEC, IL(O3) and DL(O3) are described in Eq. 5.9 

and Eq. 5.10, respectively.  

 

 
22222 ROHOHOHOOHHO3 LLLOIL         Eq. 5.9 

 

             BVOCsOkHOOkOHOkODL 3BVOCsO23HOO3OHO3 3233     Eq. 5.10 
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 The balance between the production and loss rates of O3 is an important factor in the 

tropospheric O3 budget. HO2 and RO2 reactions with NO (R. 1.2 and R. 1.3) lead to O3 

production whereas ‘HO2 + OH’, ‘HO2 + RO2’, and ‘HO2 + HO2’ are indirectly related to O3 

loss with some exceptions, but not a significant one in some ‘HO2 + RO2’ reactions. In order 

to examine the efficiency of radical reaction rates as a function of NOx, the total rate (TR) is 

defined as the sum of in-situ reaction rates based on reactions ‘HO2 + NO’ and ‘RO2 + NO’ 

that collectively lead to O3 production and ‘radical + radical’ reactions that do not lead to O3 

production. The relative efficiencies in these cases are defined as ratios of RRad+Rad / TR and 

RRad+NO / TR.  These ratios of radical reaction efficiencies are shown in the upper panel of 

Fig. 5.14. A negative trend is seen in the ratio RRad+NO / TR with declining NO. The ratio 

RRad+NO / TR declines from about 0.9 at NO > 150 pptv to approx. 0.25 at NO < 20 pptv. The 

competing ratio RRad+Rad / TR showed an increase from about 0.15 at NO > 150 pptv to about 

0.75 at NO < 20 pptv. A crossover point between ratios RRad+NO / TR and RRad+Rad / TR can 

be observed around 50 pptv of NO. The role of radicals is defined by the availability of NOx 

in context of the O3 production or loss. Under low NOx conditions, the competition is shifted 

in favour of ‘radical + radical’ reactions compared to ‘ROx + NO’ reactions. This shift is 

suggested by the decline in Φ for the condition during HUMPPA-COPEC because deviations 

(> 1) in Φ are directly related to concentration of ROx. 

 The O3 production and direct loss rates as a function of NO are shown in the lower 

panel of Fig. 5.14. The measured concentrations of BVOCs (isoprene, α-pinene, β-pinene, β-

myrcene and Δ3-carene) are used for the calculation of the O3 loss rates. Due to less frequent 

data a median value of loss frequency based on methacrolein (MACR) and methyl vinyl 

ketone (MVK) measurements is added in calculating the loss rates of O3. The measurements 

of the O3 deposition velocity were also available. The depositional loss rates of O3 are 

calculated with BLH of 1000m during HUMPPA-COPEC. Based on radiosonde 

measurements, the average, median, and geometric-mean values of the BLH for the mixed 

layer were 1081, 1100, and 956 meters, respectively. 

The P(O3)PSS (Eq. 1.10) remained higher than DL(O3) (Eq. 5.10) over wide ranges of 

NO > 30 pptv concentrations. But including the depositional loss of O3 (Dep) to DL(O3), 

P(O3)PSS and ‘DL(O3) + Dep’ become similar below NO concentrations of 40 pptv (Fig. 5.14). 

Eq. 5.11 is considered to verify the crossover by using equations as described previously Eq. 

5.9, Eq. 5.10, and Eq. 1.10. The crossover points are calculated by using Eq. 5.11 to derive 
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the value of NO concentration by considering that at crossover ‘P(O3)PSS ≈ IL(O3)’ and 

‘P(O3)PSS ≈ DL(O3)’.   
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  Eq. 5.11 

 

The derived values of NO concentration (NO)IC and (NO)DC from Eq. 5.11 are presented in 

Table 5.4. Based on averages in Table 5.4, the value of NO [(NO)IC] for crossover point 

between P(O3)PSS and IL(O3) is about 27 % higher than the value of NO for the peak in Φ 

(Fig. 5.2) at about NO = 44 pptv. This contrasts with the case of DL(O3), in which the 

crossover point is about 74 % lower than the value (44 pptv) of NO for the peak in Φ. With 

the addition of the O3 depositional loss in Eq. 5.11, the value for the cross over point between 

P(O3)PSS and ‘DL(O3) + Dep’ versus NO remains to 20 % lower than the value (44 pptv) of 

NO for the peak in Φ. Due to the missing measurements of some VOCs and secondary 

species, the loss of O3 is under-estimated for this case. This missing loss is likely to shift the 

crossover towards the value of NO concentration where the peak in Φ occurred. The derived 

values (Eq. 5.11) of NO concentration are based on the measured data, so the errors in these 

values (Table 5.4) are large (roughly > 80 %). The crossover points in Fig. 5.14 are unique in 

describing the balance between ‘radical + radical’ reactions and ‘radical + NO’ reactions. In 

low NOx conditions, the balance is shifted in favour of the chain termination process as 

described by the ‘radical + radical’ reactions and leads to decrease in O3 production 

efficiency.  

 

Table 5.4: Analytically derived average and median values of (NO)IC and (NO)DC according 

to Eq. 5.11 for different concentrations of species. 

Eq. 5.11 Average 

(pptv) 

Median 

(pptv) 

1σ variability 

(pptv) 

(NO)IC 55.7 55.2 16.2 

(NO)DC @ DL(O3) 11.5 10.8 3.2 

(NO)DC @ DL(O3) + Dep 35.2 31.5 12.9 
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Fig. 5.14: Upper panel shows radical reaction rate efficiency in term of production and 

indirect loss of O3. The lower panel shows the O3 production and direct loss rates as a 

function of NO.   
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5.6 Effects of alkyl nitrates on NOₓ lifetime and OPE  

Alkyl nitrates (ANs) are regarded as reservoir species for tropospheric reactive nitrogen and 

the pathway for their photochemical formation is similar to the one for O3 [ (Simpson et al., 

2006) and reference there in]. ANs are mainly formed in the troposphere by a minor branch 

reaction between RO2 and NO (R. 1.14). The fraction of this branch (R. 1.14) compared to R. 

1.3 is described by α (Eq. 1.1). The effective branching ratio α for ANs varies in the 

atmosphere, depending on the availability of different RO2 species (Thieser, 2013;Browne 

and Cohen, 2012). The direct emission of ANs from anthropogenic activities like industrial 

activity are also observed (Simpson et al., 2002). These species represent the substantial 

fraction of total NOy species from rural (Murphy et al., 2006;Day et al., 2009;Beaver et al., 

2012) and urban regions (Rosen et al., 2004;Perring et al., 2010;Farmer et al., 2011). 

 ANs are regarded as local sinks for NOx because the typical chemical lifetime of ANs 

is in order of days to weeks [(Nollet, 2006) and reference there in]. The production of ANs is 

an important sink of NOx during day and night in addition to the loss via the production of 

HNO3. The nocturnal formation of ANs mainly results from reaction between NO3 and 

alkenes. The fractional loss of NOx to ANs formation is dominant nocturnally compared to 

HNO3 formation (Browne and Cohen, 2012). The importance of ANs increases with high 

biogenic activity, in context to the loss of NOx. Photolysis and reaction with OH are 

important atmospheric loss processes for ANs (Talukdar et al., 1997) during daytime and the 

loss of ANs increases with the increase in chain length of alkyl group (Schneider et al., 

1998). In a recent study based on a steady-state box model and WRF-Chem model (Browne 

and Cohen, 2012), it has been concluded that ANs play important role in the lifetimes of NOx 

and in O3 production efficiency. The aim of this disscussion is to determine the qualitative 

effects of ANs on the NOx-related photochemistry in the boreal forest region chracterised by 

significant emission of biospheric VOCs. The effects of varying α (R. 1.14 and Eq. 1.1 ) have 

been assessed for HUMPPA-COPEC on the fate of NOx in the O3-related photochemistry. 

RO2 concentrations for this disscussion are based on Φext2 deviations (Section 5.2.1.2), so the 

filter (jNO2 ≥ 5 × 10-3 s-1) is used.  

The losses to HNO3 [LNOx(HNO3)] and ANs [LNOx(ANs)] are considered as the 

main chain terminating processes for NOx. The instantaneous loss rate of NOx to HNO3 based 

on reaction ‘NO2 + OH’ is lower (Table 5.5) than the one in case of NOx to ANs based on 

reaction ‘NO + α RO2’.   
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Table 5.5: NOx loss rate to HNO3 and ANs based on median concentrations of reactants 

during HUMPPA-COPEC. 

Param. Median 

@ (jNO2  ≥  5 × 10-3 s-1) 

LNOx to (HNO3) 

× 105 (molecule cm-3 s-1) 

LNOx to (ANs) 

× 105 (molecule cm-3 s-1) 

NO2 5.82 × 109 molecule cm-3  

 

 

1.21 

 

 

 

3.88 (with α = 0.075) 

NO 1.16 × 109 molecule cm-3 

RO2 4.87 × 108 molecule cm-3 

OH 1.78 × 106 molecule cm-3 

k(NO + RO2) 9.15 × 10-12 
cm3 molecule-1 s-1 

k(NO2 + OH) 1.17 × 10-11 
cm3 molecule-1 s-1 

 

The sensitivity of the NOx loss rates changes with the variation in α. The loss of NOx to 

formation of HNO3 and ANs increases with increasing NOx levels. Also the ratio 

LNOx(HNO3) / LNOx(ANs)  has a positive trend with increase in NOx. The relative change in 

LNOx(HNO3) to the total loss [LNOx(HNO3) + LNOx(ANs)] rises, while the relative change 

in LNOx(ANs) to total loss declines with the increase in NOx concentrations. The relative 

fraction of both losses to total loss as a function of NOx is shown in Fig. 5.15. A negative 

trend in the ratio (shown in green) due to ANs formation and a positive trend in the ratio 

(blue) due to HNO3 formation are described by the trend line. Based on these results, the 

production of ANs is very important, much higher and dominant under low-NOx conditions 

compared to the production of HNO3.  

 The sensitivity of ANs formation was tested by varying the value of α and observing 

the corresponding effects on the effective lifetime of NOx [τ(NOx)] and catalytic efficiency of 

NOx for the production of O3. τ(NOx) is calculated according to relation (Eq. 5.12) (Browne 

and Cohen, 2012) for HUMPPA-COPEC.  

  

 
 

x

x
x

LNO

NO
NOτ           Eq. 5.12 

 

      NOROkαOHNOkLNO
PSS21.1421.7x      Eq. 5.7 

 

To investigate the effect of α on the NOx lifetime, it was varied within the range of [0, 10] % 

in Eq. 5.7. A negative and nonlinear effect of τ(NOx) with respect to increase in α is 
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observed. Panels (I to VI) in Fig. 5.16 show the effect of α on τ(NOx) for different ranges of 

NOx. The panel ‘L’ of Fig. 5.16 shows a combined plot of panels (I to VI) and vertical error 

bars represent the 1σ variability of the calculated median values. The absolute values of 

τ(NOx) have changed significantly from α = 0  % to α = 10  %. The absolute change in 

τ(NOx) at the low NOx concentrations is much larger compared to the change at high NOx 

concentrations (Fig. 5.16). For example in panel I of Fig. 5.16 for the NOx range of 

≤ 150 pptv, the lifetime of NOx is about 23 hr at α = 0 % and it changes to 5 hr at α = 10 %. In 

panel VI of Fig. 5.16 for larger than 470 pptv of NOx, the lifetime of NOx is about 12 hr at α = 

0 % and it changes to 3 hr at α = 10 %. However, the relative change in τ(NOx) from α = 0 % 

to α = 10 % was in the range of [75, 87] % for panels I to VI in Fig. 5.16.  

 ANs reduce the production efficiency of O3 by providing a sink for NOx. The effect of 

α was further investigated in terms of the catalytic efficiency of NOx in the production of O3 

as described in Section 1.3.2. The total production of O3 from HO2 and RO2 is considered 

based on chemical imbalance of the PSS as described by Eq. 1.10. The catalytic efficiency of 

NOx is calculated according to relation Eq. 1.14 and it is shown as a function of NOx in Fig. 

5.17. The catalytic efficiency of NOx in production of O3 can be stated as the O3 production 

efficiency (OPE) (Liu et al., 1987;Brasseur et al., 1999). The median values of the OPE are 

calculated at specific ranges of NOx bins for HUMPPA-COPEC (Fig. 5.17). The minimum 

number of data points to calculate a median value for the OPE is 5. More data was present at 

NOx concentrations < 470 pptv compared to the larger concentrations, so a NOx bin range of 

50 pptv is used there, while for higher levels NOx bin is 100 pptv. The OPE is reduced 

significantly by up to 90 % at the highest value (10 %) of α. Based on the expected values of 

α [5 - 10] % in a forest region (Browne and Cohen, 2012)], OPE is expected to decline in the 

range of ]45, 90[ % compared to the case when α = 0  % for HUMPPA-COPEC. The 

reduction in OPE for α = 3 %, 5 %, and 10 % compared to the case α = 0 % is remarkably 

large at lower NOx levels (Fig. 5.17). In context of the OPE versus NOx, the difference in the 

reduction of OPE at levels of NOx > 470 pptv is smaller compared to the levels of NOx 

< 470 pptv. This shows that the effect of ANs formation on the OPE is very important, 

especially at low NOx levels. A negative trend in the OPE versus NOx concentrations for 

HUMPPA-COPEC was observed at NOx levels ≥ 470 pptv in all cases of α. The negative 

trend versus increase in NOx is more prominent in the case of α = 0 % and α = 1 % over the 

whole NOx range. For cases α = 3 %, 5 % and 10 %, no significant trend is present in OPE 

versus increase in NOx at NOx levels < 470 pptv. Also, the relative differences between OPE 

at α = 3 %, 5 %, and 10 % are fairly constant at levels of NOx < 470 pptv.  
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 The chain termination processes for NOx, leading to HNO3 and ANs, provide an 

upper estimate for τ(NOx) and OPE as the conversion of HNO3 and ANs back to NOx will 

minimise these effects. The results have shown that τ(NOx) and OPE are very sensitive to α 

for HUMPPA-COPEC and suggest that the effect of ANs formation for climate models and 

future strategies regarding O3 abundances is very important, especially in the forest regions 

and at low NOx concentrations. 

 

 

Fig. 5.15: The ratio for the loss of NOx via formation of HNO3 [LNOx(HNO3)]  to the total 

loss and the loss of NOx via formation of ANs [LNOx(ANs)] to the total loss are shown as a 

function of NOx. Trend lines in both cases are shown according to least squares fit.  
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Fig. 5.16: Median values of 

τ(NOx) as a function of α at 

different NOx ranges during 

HUMPPA-COPEC in panels ‘I to 

VI’. The lower panel ‘L’ is 

represented in log scale for y-axis 

and it shows median values of 

τ(NOx) at different NOx ranges 

together with 1σ variability as 

error bars.
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Fig. 5.17: OPE as a function of NOx concentrations during HUMPPA-COPEC. 
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6 Conclusions and Outlook 

 

6.1 Conclusions  

A laser-induced fluorescence (LIF)-based instrument (GANDALF) has been developed for 

the measurement of atmospheric NO2. LIF instruments have already been deployed in past to 

measure NO2 directly and selectively, reaching detection limits down to 5 pptv (Table 2.1). 

This required the use of large and expensive laser systems like Nd:YAG lasers or dye laser 

systems. Recently, the availability of much smaller and lighter diode lasers makes it possible 

to build much more compact instruments with comparable sensitivities. First attempts in 

previous projects to build such systems using diode lasers have compact design but did not 

achieve detection limits suitable for measurements of NO2 in remote regions and the upper 

troposphere (Table 2.1). GANDALF has been tailored towards a compact design [diode laser 

(mass = < 2 kg and power = max. 250 mW)] with a low detection [5 - 10 pptv at 1 minute 

with signal to noise ratio (SNR) = 2], a high precision of better than 0.5 % + 3 pptv for 1 

minute time interval and a fast repetition rate of 5 MHz, making it capable of measuring NO2 

throughout the troposphere. The reliability of GANDALF was successfully tested during the 

PARADE-2011 field campaign and during a successful comparison carried out at the 

observatory of the Deutscher Wetterdienst (DWD) in Hohenpeissenberg, Germany. The 

selectivity of NO2 measurement with GANDALF was assessed during PARADE in ambient 

air and no potential interference was found. 

In past studies, there appeared to be a lack of understanding of the cycling between 

NO and NO2. This was often linked to the presence of an ‘unknown oxidant’ converting NO 

to NO2.  In order to understand the cycling between NO and NO2, the photostationary state of 

NOx (PSS) for a semi-rural area during PARADE was investigated using the concept of the 

Leighton ratio (Φ Eq. 1.4) by using measurements of NO2 conducted with the newly 

developed GANDALF instrument. The Leighton ratio is calculated based on the measured 

data of NO, NO2, O3, and jNO2. Φ converged towards unity for higher NOx concentrations 

but higher positive deviations in Φ were observed under low NOx conditions (Fig. 4.3). In 

order to investigate the potential cause of these positive deviations, the role of NO, NO2, and 

O3 in other chemical reactions in addition to the null cycle of NO-NO2-O3, excluding the 

reactions ‘HO2 + NO’ and ‘RO2 + NO’, was assessed (Φmod Eq. 4.3). The effect of these 
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chemical and physical (O3 deposition) processes on deviations in Φ was less than 3 % and 

insignificant as discussed in the Section 4.2.  

The total sum of peroxy radicals ROx (HO2 + RO2) was measured by the PeRCA 

instrument of the University of Bremen during PARADE. This enabled the ‘ROx + NO’ 

contribution to be calculated and included in the Leighton ratio, producing an extended ratio 

Φext (Eq. 1.6), and the aforementioned positive deviations from unity were reduced. The 

average Φext was 1.09, a divergence from unity of 9 %, with an associated measurement error 

of about 0.2. In order to test the significance of this 9 % difference, the sensitivity of Φext to 

only NO and jNO2 was further tested by varying them in amount below the corresponding 

measurement uncertainties. Φext converged from 1.09 to 1.045 ± 0.13 (1σ) by introducing 

+ 21 pptv in NO, and from 1.09 to 1.035 ± 0.14 (1σ) by reducing jNO2 only 5 %. These 

changes of values in NO, and jNO2 are within the range of measurement accuracy of the 

respective data. Further, by performing this sensitivity test with a combined change of values 

in NO and jNO2, Φext declined further to become 0.99 ± 0.13 (1σ) (case-4, Fig. 4.8). Based on 

the evidence of the analyses in this study, it is concluded that there is no statistically 

significant evidence for or suggestion of an ‘unknown oxidant’ in PARADE, and peroxy 

radicals along O3 account wholly for the conversion of NO to NO2.  

A lack of understanding the underlying process of NO to NO2 conversion is revealed 

to be most prominent at low NOx conditions. The measured data set from HUMPPA-COPEC 

was used to contrast and compare the NO to NO2 cycling with PARADE. NOx levels at 

HUMPPA-COPEC were low, while biogenic volatile organic compounds (BVOCs) were 

high compared to PARADE. The reactivity of BVOCs and related secondary compounds was 

expected to be greater compared to PARADE. The observed deviations (>1) in Φ for this 

location are even larger compared to PARADE (Fig. 5.2). This is expected, as higher levels 

of HO2 were measured compared to PARADE. By introducing the contributions from ‘HO2 + 

NO’ in Φ (Φext2, Eq. 5.1) for HUMPPA-COPEC, positive deviations of Φ declined but 

remained considerably larger than unity (Fig. 5.3). RO2 levels [(RO2)PSS] were inferred from 

the remaining deviations (> 1) of Φext2 (Eq. 5.1). In the absence of measured RO2, a model 

was deployed to calculate RO2 concentrations for HUMPPA-COPEC in order to assess the 

nature of Φ deviations. The model was constrained with several observed quantities like 

concentrations of NO, O3, HO2, OH, BVOCs, HCHO, CO, CH4, and H2O vapor with 

photolysis frequencies. Levels of peroxy radicals (measured HO2 + simulated RO2) were not 

sufficient to explain the deviation (> 1) in Φ (Fig. 5.6). Generally, ‘BVOCs + OH’ reactions 
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leading to RO2 formation are important in a forested region. The adequacy of the simulated 

RO2 was tested by using a comparison of the total measured OH reactivity and simulated OH 

reactivity. The simulated OH reactivity was significantly lower than the measured OH 

reactivity. This suggested there were missing precursors of RO2 in the simulations. The 

unexplained higher measured OH reactivity is indirect evidence for unmeasured BVOCs or 

secondary oxidation products. This hypothesis was tested by tuning the model OH reactivity 

with increasing concentrations of BVOCs, enough to match the model OH reactivity with the 

measured OH reactivity (Fig. 5.7). With these matched OH reactivity inputs, the positive 

deviations in Φ are substantially reduced by the introduction of measured HO2 and simulated 

RO2 in Φ for the case of Φext(T) (Fig. 5.9). The overall median and average values of Φext(T) 

were 1.001 ± 0.105 (1σ) and 0.996 ± 0.105 (1σ), respectively. These aspects suggest the Φ 

deviations (> 1) during HUMPPA-COPEC can be explained by peroxy radicals. The NOx-

related photochemistry is reasonably well explained within the measurement uncertainty by 

the PSS model at two different locations and it is consistent with the field measurements of 

NO2. Evidence for or suggestion of an unknown oxidant converting NO to NO2 is statistically 

insignificant in case of either PARADE or HUMPPA-COPEC. In addition, use of the 

Leighton ratio is a realistic approach even under low-NOx conditions. 

The O3 budget was assessed during PARADE for daytime chemistry. The daytime 

tendency of O3 was significantly positive for semi-rural conditions. The major loss 

mechanism of O3 at this site was due to dry deposition and was significantly higher than 

photochemical losses (Fig. 3.12). The lifetimes of O3 were longer due to chemical losses 

compared to those of depositional loss. The largest photochemical loss rate observed was due 

to the photolysis of O3, while the smallest loss rate was due to aromatics like benzene and 

toluene. During PARADE, the reaction with O3 was the major removal process of primary 

BVOCs like isoprene, α-pinene, myrcene, and limonene collectively and it was a factor of 

about 3.7 higher compared to corresponding removal due to OH. In contrast, the collective 

removal for anthropogenic alkenes such as ethene, propene, 1, 3-butadiene, cis-2-butene, and 

1-pentene due to OH was a factor about 1.66 larger than the removal due to O3. The 

production of O3 during HUMPPA-COPEC was smaller than PARADE by more than a factor 

of two.  

A decrease in the measured HO2 was observed with respect to decrease in NO levels 

during HUMPPA-COPEC. The corresponding effect is well described by the decline from 

the peak in the Leighton ratio with respect to decrease in NO at about 44 pptv. A crossover 

point at about 55 pptv of NO was observed between the reaction rates of ‘radical + NO’ 
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reactions and ‘radical + radical’ reactions. The crossover point indicates equal importance 

and a balance between the ‘radical + NO’ reactions and ‘radical + radical’ reactions. This 

crossover point was about 20 % higher than the NO level for the peak in Φ. Meanwhile, a 

crossover between the production and direct loss rates of O3 (based on measured species and 

with dry deposition) is observed at NO concentration of 30 to 35 pptv. With the assumption of 

the existence of additional, unmeasured BVOCs, this crossover point between the O3 

production and direct loss would most likely shift towards higher NO levels where the peak 

in Φ occurred. This unique peak in Φ at the specific level of NO can be a good indication of 

the balance between the O3 production and loss (Table 5.4 and Fig. 5.14). This specific level 

of NO is different to the one described as ‘Critical NO’ in the literature (Lelieveld and 

Crutzen, 1990), as ‘Critical NO’ is based on the chemical loss of O3 but not sum of chemical 

and physical losses as in this case.  

The effect of alkyl nitrates (ANs) was tested for the NOx lifetime and the O3 

production efficiency (OPE). It was observed that the lifetime of NOx and the OPE are 

reduced and very sensitive to the formation of ANs as suggested by a previous study (Browne 

and Cohen, 2012). Based on calculations for HUMPPA-COPEC using the measured data and 

RO2 derived from the PSS, it is concluded that the correct estimate for the branching ratio for 

the ANs formation is necessary, especially under conditions of low NOx in an area 

characterised by high BVOCs abundances. The potential role of ANs formation as a sink of 

NOx is similar to or might be even more important than HNO3 formation and should be 

considered in climate models and forecasts of regional O3 abundances. 
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6.2 Outlook 

The formation of ANs is an important sink for NOx and effects the OPE. The accurate 

measurement of ANs is important for the assessment of local O3 abundances. LIF systems in 

combination with the thermal dissociation method (Day et al., 2002) are also used and very 

useful for the detection of ANs. Without any substantial modification, GANDALF will be 

capable of measuring ANs by coupling with the thermal dissociation. This improvement can 

provide very useful data on ANs for the future to constrain models and further improve the 

current understanding of regional O3 concentrations. 

 It has been observed that the use of the PSS is valid under two different forest 

ecosystems. But there is still a need to validate the PSS system under different conditions 

such as the upper troposphere, the marine boundary layer, and the tropical rain forest. The 

analysis of the PSS in past had been done in several studies at ground level, but only a few of 

this analyses took airborne measurements from ground to the upper troposphere. Airborne 

measurements of NO2 especially in the upper troposphere face the challenge of fast 

decomposition of nitrates so instruments have difficulties in providing highly selective, 

precise, and fast measurements as required for NO2 observations in the upper troposphere. 

Experienced has been that LIF is a reliable and promising method for the in-situ measurement 

of NO2. During the OMO53 project, including NO2 measurements with GANDALF, several 

other important radical measurements (e.g. OH, HO2, and RO2) will be conducted. This will 

be a future opportunity to analyse the PSS from the surface to the upper troposphere.   

 A few PSS-related studies in past are done in the marine boundary layer (Hosaynali 

Beygi et al., 2011;Trebs et al., 2012). But often the halogen oxides measurements for the 

analysis of the PSS are missing. With a small modification, GANDALF can fulfil the 

requirement of iodine monoxide (IO) measurements for the PSS analysis in coastal regions. 

The current CW diode laser of the instrument will be replaced by a mono-mode dual diode 

laser [λ (online) = 445 nm and λ (offline) = 442 nm] for on and off resonance measurements 

of NO2. The absorption cross-sections of IO are 1.1 × 10-17 cm2 molecule-1 (high) and 

3.5 × 10-19 cm2  molecule-1 (low) at 445 nm and 442.09 nm, respectively (Bloss et al., 2001). 

In addition, LIF systems have been used in past for the IO measurement (Whalley et al., 

2007). With the new mono-mode laser, GANDALF can also be used for direct measurements 

of IO simultaneously with NO2.
 This ability of GANDALF to measure the atmospheric IO 

                                                 

53 HALO [High Altitude and LOng Range Research Aircraft] campaign called OMO [Oxidation Mechanism 

Observation]. 
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simultaneously with NO2 will improve PSS analysis in coastal regions. Besides investigation 

of the PSS, the effect of halogen oxide on O3 loss had been found to be important in coastal 

regions, e.g. (Dix et al., 2013). So a measurement of such species is helpful for model studies 

to quantify the effect of halogen oxides on the O3 budget.  
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Fig. 5.7: Ratio between the total measured and simulated OH reactivity as a function of NO.

................................................................................................................................................ 125 

Fig. 5.8: RO2 based on simulations as a function of the measured OH reactivity. The left hand 

side in the figure is prior to the tuning while the right hand side is based on tuned 

(OHReact)CAABA/MECCA . ........................................................................................................ 126 

Fig. 5.9: Φ, Φext is based on the measured data and simulations at normal BVOCs 

concentrations.  Φext(T) is based on results from the new simulations with the tuned OH 

reactivity in the model. .......................................................................................................... 127 

Fig. 5.10: [A] Ratio [NO2(meas) / NO2(CAABA/MECCA)] as a function of NO for simulations 

without tuned OH reactivity. [B] Ratio [NO2(meas) / NO2(CAABA/MECCA)] as a function of NO for 

simulations with tuned (OHReact)CAABA/MECCA. .................................................................... 130 

Fig. 5.11: Monte Carlo simulations for the estimation of uncertainties due to rate coefficients 

in ............................................................................................................................................ 131 

Fig. 5.12: P(O3)PSS as a function of NO during HUMPPA-COPEC-2010. ............................ 134 

Fig. 5.13: The efficiency of the chain termination processes as a function of NO. ............... 134 

Fig. 5.14: Upper panel shows radical reaction rate efficiency in term of production and 

indirect loss of O3. The lower panel shows the O3 production and direct loss rates as a 

function of NO. ...................................................................................................................... 138 

Fig. 5.15: The ratio for the loss of NOx via formation of HNO3 [LNOx(HNO3)]  to the total 

loss and the loss of NOx via formation of ANs [LNOx(ANs)] to the total loss are shown as a 

function of NOx. Trend lines in both cases are shown according to least squares fit. ........... 142 

Fig. 5.16: Median values of τ(NOx) as a function of α at different NOx ranges during 

HUMPPA-COPEC in panels ‘I to VI’. The lower panel ‘L’ is represented in log scale for y-

axis and it shows median values of τ(NOx) at different NOx ranges together with 1σ 

variability as error bars. ......................................................................................................... 143 

Fig. 5.17: OPE as a function of NOx concentrations during HUMPPA-COPEC. ................. 144 

 

  

file:///C:/Z_Thesis_myData/NO2_LIF%20Theoretical/MyThesis/ThesisWhole.docx%23_Toc404952988
file:///C:/Z_Thesis_myData/NO2_LIF%20Theoretical/MyThesis/ThesisWhole.docx%23_Toc404952988


 

APPENDICIES 

155 

7.1.2 Tables 

Table 1.1: An historical overview of studies related to PSS analysis. ..................................... 19 

Table 2.1: Overview of different LIF instruments (operating parameters and LOD) ............. 57 

Table 3.1: Land use within a radius of 50 km.......................................................................... 62 

Table 3.2: An overview of instrumental methods deployed during PARADE........................ 63 

Table 3.3: NO2 instruments during PARADE-2011 ................................................................ 72 

Table 3.4: Overall average, median and standard deviation values of ratios with respect to 

GANDALF and other NO2 measurements during PARADE. ................................................. 76 

Table 3.5: Lifetimes of O3 with respect to different species measured at PARADE-2011. 

Time window [08:00, 10:00] UTC. ......................................................................................... 90 

Table 3.6: Lifetimes of O3 with respect to different species measured at PARADE-2011. 

Time window ]10:00, 14:00] UTC. ......................................................................................... 91 

Table 3.7: Lifetimes of O3 with respect to different species measured at PARADE-2011. 

Time window]14:00, 16:00] UTC. .......................................................................................... 92 

Table 4.1: Absolute errors in NO2 calculated from PSS (Eq. 4.7 and Eq. 4.8). .................... 106 

Table 5.1: A list of instrumentation during HUMPPA-COPEC related to this discussion. .. 111 

Table 5.2: Average, median and standard deviation values of different RO2(CAABA/MECCA) 

species. ................................................................................................................................... 119 

Table 5.3: Relative uncertainty based on Monte Carlo simulations ...................................... 129 

Table 5.4: Analytically derived average and median values of (NO)IC and (NO)DC according 

to Eq. 5.11 for different concentrations of species. ............................................................... 137 

Table 5.5: NOx loss rate to HNO3 and ANs based on median concentrations of reactants 

during HUMPPA-COPEC. .................................................................................................... 140 

  



 

7.1 LISTS 

 

156 

7.1.3 Abberviations 

(OHReact)meas 

total OH reactivity (s-1) measurement, 125 

ANs 

Alkyl nitrates, 7 

ASL 

above sea level, 19 

BG 

Background, 55 

BLH 

Boundary layer height, 88 

BM 

Box Model, 40 

BVOCs 

Biogenic Volatile Organic Compounds, 67 

CAABA 

Chemistry As A Boxmodel Application, 120 

CAPS 

Cavity Attenuated phase Shift Spectroscopy, 17 

CCD 

charge-coupled device, 66 

CEAS 

Cavity Enhanced Absorption Spectroscopy, 17 

CE-DOAS 

Cavity Enhanced Differential Optical Absorption 

Spectroscopy, 72 

CLD 

Chemoluminescence Detector, 66 

CRDS 

Cavity Ring-Down Absorption Spectroscopy, 17 

D 

dilution factor, 44 

DL(O3)] 

direct loss rates of O3, 137 

DOY 

Day of year, 59 

E 

east, 115 

EV 

Electronic Valve, 49 

GaAsP/GaAs 

Gallium Arsenide Phosphide, 33 

GANDALF 

Gas Analyzer for Nitrogen Dioxide Applying Laser 

induced Fluorescence, 29 

HALO 

The High Altitude and LOng Range Research Aircraft, 

18, 151 

HR 

High Reflectivity, 32 

HUMPPA-COPEC 

Hyytiälä United Measurements of Photochemistry 

and Particles in Air - Comprehensive Organic 

Precursor Emission and Concentration study, 18 

HYSPLIT 

Hybrid Single-Particle Lagrangian Integrated 

Trajectory, 61 

IL(O3) 

indirect loss rate of O3, 137 

keff 

effective (derived rate coefficient) for all ROx, 13 

LIF 

Laser-Induced Fluorescence, 29 

LN 

Natural logarithm (base e), 48 

LOD 

limit of detection, 55 

LP-DOAS 

Long Path Differential Optical Absorption 

Spectroscopy, 72 

MBL 

marine boundary layer, 14 

MCM 

Master Chemical Mechanism, 120 

MECCA 

Module Efficiently Calculating the Chemistry of the 

Atmosphere, 120 

MFC 

Mass Flow Controller, 49 

MIM 

Mainz Isoprene Mechanism, 120 
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MNV 

Mannual Needle Valve, 49 

NE 

northeast, 112 

NIST 

National Institute of Standards and Technology (an 

agency of US Department of Commerce), 39 

NO2(CAABA/MECCA) 

the simulated NO2, 130 

NOGPT 

the remaining concentration of NO in the calibration 

gas after gas phase titration, 44 

NOx 

[Nitric oxide (NO) + Nitrogen dioxide (NO2)], 3 

NW 

northwest, 61 

OCP 

ozone compensation point, 15 

OPE 

O3 production efficiency, 143 

P(O3)CAABA/MECCA 

The production rates of O3 from simulations, 130 

PAN 

peroxyacetylnitrate, 6 

PARADE 

PArticles and RAdicals 

Diel observations of the impact of urban and 

biogenic Emissions, 18 

PBL 

planetary boundary layer, 2 

PMT 

Photomultiplier (Photon counting head), 33 

ppbv 

parts per billion by volume, 12 

ppmv 

parts per million by volume, 1 

ppqv 

parts per quadrillion by volume, 1 

pptv 

parts per trillion by volume, 12 

PSS 

photostationary state, 11 

PTFE 

Polytetrafluoroethylene, 71 

RFC 

relative fraction of contribution, 97 

RH 

relative humidity, 60 

ROx 

[Hydroperoxyl (HO2) + sum of organic peroxy radicals 

(Σ RO2)], 3 

SCIAMACHY 

SCanning Imaging Absorption spectroMeter for 

Atmospheric CHartographY, 5 

SE 

southeast, 112 

SW 

southwest, 61 

T(O3) 

photochemical ozone tedency, 82 

TD-GC-MS 

Thermal Desorber Gas Chromatograph Mass 

Spectrometer, 67 

TDLAS 

Tunable Diode Laser Absorption Spectroscopy, 17 

VOCs 

volatile organic compounds, 6 

W 

west, 115 

Φ 

Leighton ratio, 12 

Φext 

extended Leighton ratio, 12 

Φext(T) 

Φext with the tuned OH reactivity for the model, 129 

Φext2 

extended Leighton ratio only with O3 and HO2 

contributions, 117 

Φmod 

modified Leighton ratio with inclusion of several loss 

or formation processes, 102 
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7.2 Instrumental 

7.2.1.1 Optical filters 

7.2.1.1.1 Absorption 

The absorption of two different cut on filters inside the detection optics of GANDALF. (A-I: [x-axis: 

380-900nm] cut on at 470nm and A-II: [x-axis: 440-900nm] cut on at 550nm). These figures (A-I and 

A-II) are provided by Barr Associates, Inc. (www.barrassociates.com). 

 

A-II 

A-I 

http://www.barrassociates.com/
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7.2.1.1.2 Reflectance 

The reflectance of two different cut on filters inside the detection optics of GANDALF. (R-I: 

[x-axis: 380-900nm] cut on at 470nm and R-II: [x-axis: 440-900nm] cut on at 550nm). These 

figures (R-I and R-II) are provided by Barr Associates, Inc. (www.barrassociates.com). 

 

 

 

 

R-II 

R-I 

http://www.barrassociates.com/
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7.2.1.1.3 Transmittance 

The transmittance of two different cut on filters inside the detection optics of GANDALF. (T-

I: [x-axis: 380-900nm] cut on at 470nm and T-II: [x-axis: 440-900nm] cut on at 550nm). 

These figures (T-I and T-II) are provided by Barr Associates, Inc. (www.barrassociates.com). 

 

 

 

 

T-II 

T-I 

http://www.barrassociates.com/
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7.2.1.2 Laser ON/OFF cycle  

 

Figure: 200ns on-off cycle of laser for a signal (~12ppbv NO2) [y-axis arb. unit] 

 

7.2.1.3 Appurtenances 

 

 

Figure: Baffles (A,B,C) and cooling plate internal structure (D). 

 

 

D 
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7.2.1.4 Reactions for calibration simulations 

 

Note; all rate coefficients from k1 to k64 are based on temperature dependence and taken 

from (Atkinson et al., 2004). 

 

   k1      :  O + O2 = O3; 

    k25     :  OH + O3 = HO2 + O2; 

    k28     :  HO2 + O3 = OH + O2 + O2; 

    k31     :  O + NO = NO2; 

    k32     :  O + NO2 = O2 + NO; 

    k33     :  O + NO2 = NO3; 

    k34     :  O + NO3 = O2 + NO2; 

    k39     :  OH + HONO = H2O + NO2; 

    k40     :  OH + HNO3 = H2O + NO3; 

    k41     :  OH + HNO4 = products; 

    k42     :  OH + NO = HONO; 

    k43     :  OH + NO2 = HNO3; 

    k44     :  OH + NO3 = HO2 + NO2; 

    k45     :  HO2 + NO = OH + NO2; 

    k46     :  HO2 + NO2 = HNO4; 

    k47     :  HNO4 = HO2 + NO2; 

    k48     :  HO2 + NO3 = products; 

    k53     :  NO + NO + O2 = NO2 + NO2; 

    k54     :  NO + O3 = NO2 + O2; 

    k55     :  NO + NO2 = N2O3; 

    k56     :  N2O3 = NO + NO2; 

    k57     :  NO + NO3 = NO2 + NO2; 

    k58     :  NO2 + O3 =  NO3 + O2; 

    k59     :  NO2 + NO2 = N2O4; 

    k60     :  N2O4 = NO2 + NO2; 

    k61     :  NO2 + NO3 = N2O5; 

    k62     :  N2O5 = NO2 + NO3; 

    k63     :  N2O5 + H2O = HNO3 + HNO3; 

    k64     :  N2O5 + H2O + H2O = HNO3 + H2O; 

 

 

Atkinson, R., Baulch, D. L., Cox, R. A., Crowley, J. N., Hampson, R. F., Hynes, R. G., Jenkin, 

M. E., Rossi, M. J., and Troe, J.: Evaluated kinetic and photochemical data for atmospheric 

chemistry: Volume I - gas phase reactions of Ox, HOx, NOx and SOx species, Atmos Chem 

Phys, 4, 1461-1738, 2004. 
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7.2.1.5 NOGPT 

  

Figure: NOGPT (NO after gas phase titration), as measured by a CLD 

 

 

7.2.1.6 Sensitivity and LOD 

 

 

Figure: An example for the sensitivity of GANDALF in left panel, taken from an automated 

calibrated period of PARADE-2011. LOD for the same period in the right panel. 
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7.2.1.7 NO Accuracy 

 

 

 

Figure: [A] diagram for NIST setup. [B] An example of NIST measured by TEI54 monitor. 

[C] Deviations (max 1.5 %) around average derived NO mixture value based on NIST. [D] 

The calculated NO accuracy (max 2.5 %) inside reaction chamber for different flows of NO 

during PARADE. 

  

                                                 

54 C42,Thermo Environmental Instrument 

D C 

A B 
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7.2.1.8 Certified Standards 

7.2.1.8.1 NIST 

National Institute of Standards & Technology (NIST) standard used to compare NO 

calibration gas for the calibrator of GANDALF. 
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7.2.1.8.2 Mass flow calibrator (DryCal) 

NIST standard for DryCal sensors, DC-LC-1 and HC-LC-1, BIOS International. 
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7.3 PARADE-2011 

7.3.1.1 Time Series of NMHC 

 

Figure: Time series of different alkenes and aromatics during PARADE-2011. 

 

7.3.1.2 Air Mass Origin 

 

Figure: Origin of air mass for PARADE-2011 [Figure is taken from Crowley, J., 2012 

(Presentation at PARADE data meeting Mainz)] 
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7.3.1.3 jO1D versus HOx 

 

 

A plot of correlation of the measured OH and HO2 versus jO1D in upper and lower panel, 

respectively, based on filter (jO1D >1×10-7 s-1) during PARADE.  

 

 

7.3.1.4 NO2 Ratios Correlations 

This section is related to NO2 comparison for PARADE. A series of upcoming figures shows 

ratio (between all NO2 measurements and GANDALF) as a function of different observed 

quantities to see any systematic correlation. Each figure is a set of four subplots according to 

different instruments. Y-axis of figures below is shown as follow (with data colour to show 

sequence of upcoming figures for quick go through). 

 

LP-DOAS/GANDALF CRDS/GANDALF 

CE-DOAS/GANDALF CRD/GANDALF 
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7.3 PARADE-2011 

 

172 

 

 



 

APPENDICIES 

173 

 

 



 

7.3 PARADE-2011 

 

174 

 

 



 

APPENDICIES 

175 
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7.3.1.5 Diel profile of O3  

 

 

Figure: O3 v/s day fraction during PARADE-2011 and colour coded with temperature. 
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7.3.1.6 BVOCs and NMHC loss rates  

 

Figure: Loss rates of alkenes with respect to O3 and OH during PARADE. 
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7.3.1.7 Trends 

7.3.1.7.1 Φ colour coded with relative jNO2 

 

 

Figure: Φ as a function of NO and colour coded with relative change in jNO2 during 

10minute. 

7.3.1.7.2 NO2 v/s NO 

 

 

Figure: NO2 as a function of NO during PARADE-2011 at jNO2≥5×10-3s-1 and Filter_Road.  
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7.3.1.7.3 Effective lifetime of PAN 

 

 

Figure: The effective lifetime of PAN during PARADE as a function of NO/NO2 ratio for 

filtered data. The plot is also colour-coded with temperature. 
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7.4 HUMPPA-COPEC-2010 

7.4.1.1 Time series of BVOCs, (OHReact)meas, and others 
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7.4.1.2 Φ colour coded with relative jNO2 

 

 

Figure: Φ as a function of NO and colour coded with relative change in jNO2. 
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7.4.1.3 Leighton Ratio with uncertainty 

 

 

Figure: Φ with measurement uncertainty is shown as a function of NO for PARADE and 

HUMPPA-COPEC. 

 

7.4.1.4 Trends versus NO  

 

 

Figure: OH, HO2 and H2O2 plotted as a function of NO. The square symbol are median 

values of 10pptv NO bin. 
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7.4.1.5 P(O3)PSS and P(O3)CAABA/MECCA 

 

 

Figure: P(O3)PSS correlation with (PO3) CAABA/MECCA from simulation. P(O3)PSS  is calculated 

based on Eq. 1.10. Blue data is based on simulations with tuned (OHReact)CAABA/MECCA while 

red data points are without tuning of (OHReact)CAABA/MECCA. The slope is based on robust 

regression [it uses iteratively reweighted least squares (Holland and Welsch, 1977)].  
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7.5 Mechanism Chemical Equations 

 

The generic rate constants (KRO2NO, KRO2HO2, KAPNO, KRO2NO3, KNO3AL and 

KDEC) in the mechanism are based on MCM3.2 (Jenkin et al., 1997;Saunders et al., 2003). 
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3.6E-12*EXP (270/temp) Atkinson et al. (2004) 
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5.3E-12 *EXP (190. / temp). 
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