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Abstract 
The oxidative capacity of the atmosphere is largely governed by the radicals OH and HO2 
(HOx), which are the primary self-cleaning agents of the atmosphere. A measure for the 
strength of the self-cleaning is the recycling probability of HOx, that varies strongly with 
atmospheric composition and temperature. Due to climate change, global temperatures are 
expected to rise, which will lead to a change in atmospheric composition from increased 
emissions of biogenic VOC. Coupled with decreasing NOx emissions from combustion 
processes, it is important to understand the impact of these changes on the recycling 
probability and, thus, the oxidative capacity.  

To study the oxidative capacity under high temperatures and VOC loading, the Air Quality 
and Climate Change in the Arabian Basin (AQABA) ship-based field campaign was 
conducted in the summer of 2017, starting in Toulon, France travelling around the Arabian 
Peninsula and back. The Arabian Gulf is characterized by intense solar radiation and high 
ambient temperatures, combined with strong emissions from the exploitation of its rich oil 
and gas reserves. As a comparison with the cooler and less polluted Mediterranean Sea, the 
Arabian Gulf can give insight into the impact of rising global temperatures on the recycling 
probability under conditions of large anthropogenic VOC emissions. The radicals OH and 
HO2 were measured by the ground-based HydrOxyl Radical Measurement Unit based on 
fluorescence Spectroscopy (HORUS). 

Despite higher primary production in the Arabian Gulf (2.3±0.2 ∙107 molec cm-3 s-1, 
Mediterranean Sea: 1.3±0.2 ∙107 molec cm-3 s-1), radical concentrations were lower by a 
factor of >1.5 and the recycling probability (15±10 % (1σ) @ 0.1 pptv NO) showed values 
greatly decreased compared to the Mediterranean Sea (57±5 % (1σ) @ 0.1 pptv NO). Box-
model calculations, investigating the reason for the reduced recycling probability compared 
to the Mediterranean Sea, show an increased importance of radical-radical reactions in the 
Arabian Gulf, due to high concentrations of RO2 radicals. These reactions can cause radical 
recycling or destruction. While radical destruction directly decreases the recycling 
probability through termination of the radical propagation, radical recycling from these 
reactions caused an indirect decrease, as they could not be included in the calculation. 

Throughout the recycling of HOx in the troposphere, tropospheric O3 is produced, which 
causes plant stress and is harmful for the respiratory system of humans and animals. 
Therefore, the radical recycling probability has a direct impact on the net ozone production 
rate (NOPR). The NOPR was calculated using, measured NO and HO2 and calculated RO2 
concentrations. It is expected, that the NOPR has a maximum at the crossover point 
between its NOx-limited and VOC-limited regimes. However, no NO concentration was 
found throughout the AQABA campaign, where the NOPR peaked. Due to this finding, it 
was concluded that NOPR was NOx-limited in the marine boundary layer during the whole 
campaign.  



 

 

Kurzfassung 
Die Oxidationskapazität der Atmosphäre wird größtenteils durch die Radikale OH und HO2 
(HOx) bestimmt, welche die primären „Reinigungsmittel“ in der Atmosphäre sind. Ein Maß für 
die Stärke der Selbstreinigungskraft ist die Rezyklierungswahrscheinlichkeit (RZWK) von 
HOx, welche abhängig von atmosphärischer Zusammensetzung und Temperatur stark 
schwanken kann. Durch den Klimawandel werden höhere globale Temperaturen erwartet, was 
zu einer Veränderung in der Zusammensetzung der Atmosphäre, durch erhöhte Emission von 
biogenen VOC, führt. Verbunden mit geringeren NOx Emissionen aus Verbrennungsprozessen, 
ist es wichtig, den Einfluss dieser Veränderung auf die RZWK und die Oxidationskapazität zu 
verstehen. 

Um die Oxidationskapazität bei hohen Temperaturen und VOC-Belastung zu untersuchen, fand 
die schiffbasierte Air Quality and Climate Change in the Arabian Basin (AQABA) 
Messkampagne im Sommer 2017 statt und wurde von Toulon, Frankreich um die Arabische 
Halbinsel und zurück durchgeführt. Der Arabische Golf wird charakterisiert durch intensive 
Sonneneinstrahlung und hohe Umgebungstemperaturen, gepaart mit starken Emissionen durch 
das Erschließen seiner reichen Öl- und Gasvorkommen. Im Vergleich zum kühleren und 
weniger verschmutzten Mittelmeer, kann der Arabische Golf Einblick auf den Einfluss von 
steigenden Temperaturen auf die RZWK bei hohen anthropogenen VOC Emissionen geben. 
Die Radikale OH und HO2 wurden durch das HydrOxyl Radical Measurement Unit based on 
fluorescence Spectroscopy (HORUS) gemessen. 

Trotz hoher Primärproduktion im Arabischen Golf (2.3±0.2 ∙107 molec cm-3 s-1, Mittelmeer: 
1.3±0.2 ∙107 molec cm-3 s-1) waren die Radikalkonzentrationen um einen Faktor >1.5 geringer 
und die RZWK (15±10 % (1σ) @ 0.1 pptv NO) zeigte deutlich erniedrigte Werte verglichen 
mit dem Mittelmeer (57±5 % (1σ) @ 0.1 pptv NO). Modellrechnungen, zur Untersuchung der 
geringeren RZWK im Vergleich zum Mittelmeer, zeigen einen erhöhten Einfluss von Radikal-
Radikal-Reaktionen im Arabischen Golf, welche durch hohe RO2 Konzentrationen verursacht 
werden. Diese Reaktionen können Radikalrezyklierung und -zerstörung verursachen. Während 
Radikalzerstörung die RZWK durch Radikalkettenabbruch direkt verringert, kann 
Radikalrezyklierung dies durch diese Reaktionen indirekt, da sie in der Berechnung der RZWK 
nicht berücksichtigt werden konnten. 

Während des Rezyklierens von HOx in der Troposphäre kann troposphärisches O3 produziert 
werden, welches Stress in Pflanzen hervorruft und für die Atmungsorgane von Menschen und 
Tieren schädlich ist. Dadurch hat die RZWK einen direkten Einfluss auf die Netto-Ozon-
Produktionsrate NOPR. Die NOPR wurde mithilfe von NO und HO2 Messungen und 
berechneten RO2 Konzentrationen bestimmt. Es wird erwartet, dass die NOPR ein Maximum 
am Übergangspunkt zwischen NOx-limitiertem und VOC-limitierten Regime aufweist. 
Während AQABA konnte allerdings keine NO Konzentration gefunden werden, bei der NOPR 
ein Maximum erreicht. Daraus folgt, dass NOPR während der gesamten Kampagne NOx-
limitiert war. 
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1 The Atmosphere 

1.1 The oxidative capacity of the atmosphere 

Earth’s Atmosphere is mainly comprised of Nitrogen (~78 %), Oxygen (~21 %) and a 
variable amount of water (~ 0 - 2 %). Its chemical and physical properties are highly 
influenced by the remaining less than 1 % of trace gases (e.g. Ozone (O3), Methane (CH4), 
Carbon dioxide (CO2)). 

 

Figure 1.1 Composition of the Atmosphere, taken from Seinfeld (1998) 

These trace gases are continuously emitted by or secondary products of biogenic, 
anthropogenic and geological processes (Seinfeld, 1998). Figure 1.1 gives an overview of 
atmospheric trace gases. Many trace gases can impact ecological and human health. 
Pollution is a leading cause of excess human mortality and lower life expectancy (Jos 
Lelieveld et al., 2020) and with expected increasing emissions on the African continent 
(Liousse, Assamoi, Criqui, Granier, & Rosset, 2014) and the Indian subcontinent (Ghude 
et al., 2013; Krotkov et al., 2016; Umezawa et al., 2018), this phenomenon is likely to 
become more and more prevalent. Without the property of cleaning by oxidative processes, 
trace gases would increase in atmospheric concentration to levels toxic to life. Through 
oxidative processes trace gases are successively oxidized to less toxic gases (e.g. CO2, H2O) 
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or polar or water soluble species (e.g. H2SO4, HNO3), which in turn are removed from the 
atmosphere via dry or wet deposition. The most important oxidant in the atmosphere during 
daytime is the hydroxyl radical (OH), with ozone (O3) and hydrogen peroxide (H2O2) 
having minor contributions to the oxidative capacity. The nitrate radical (NO3) is due to its 
photo lability only important during nighttime oxidation. Even though with typical 
lifetimes of less than a second and average daytime concentrations in the sub pptv area, OH 
has the highest impact on atmospheric cleansing, due to its high reactivity towards many 
chemical species. This importance makes OH chemistry essential for understanding and 
predicting atmospheric chemistry as a whole. Closely related to OH is the hydroperoxyl 
radical (HO2), which is a product of many reactions of OH with trace gases. HO2 can reform 
OH through reaction with e.g. NO and O3. This ability together with its much longer 
lifetime of ~ 100 s, HO2 can act as reservoir for OH. Due to the fast turnover rate between 
OH and HO2, the sum of both is known as HOx. 

A shift in the chemical make-up of the atmosphere due to environmental changes, such as 
urbanization or deforestation could have a significant impact on the cleansing capacity of 
the atmosphere. Despite these changes, global OH concentrations remained stable around 
106 molecules/cm3 during the past century (J. Lelieveld, Peters, Dentener, & Krol, 2002). 
This indicates a buffering system capable of stabilizing OH concentrations even though 
pollutants and therefore OH reactivity is high. Nevertheless, due to climate change, 
environmental changes might become more severe. Higher temperatures can induce stress 
in plants, which influences emission strength of monoterpenes and isoprene (Kesselmeier 
& Staudt, 1999), leading to changing volatile organic compound (VOC) composition as 
well as higher VOC concentrations. Coupled with reducing NOx emissions due to more 
strict governmental emission guidelines, HOx concentrations could be reduced through 
lower recycling production and increased loss from reaction with VOC (J. Lelieveld et al., 
2002; Prinn, 2003). In addition, increasing temperatures are leading to changes in the water 
cycle, with generally lower relative humidity (RH) over land (IPCC et al., 2018), leading 
to a higher dust particle load in the atmosphere, potentially having an impact on HOx 
concentrations. 

 

1.2 Marine Boundary Layer 

The lower troposphere is in close contact with the planetary surface. To a height of 
1 – 5 km, roughness of the surface and thermal updrafts cause turbulent transport and 
mixing. This allows a separation of the troposphere in two distinct parts: the planetary 
boundary layer (PBL) and the free troposphere (FT). Figure 1.2 shows a schematic 
overview of the troposphere with PBL and FT (Möller, 2003). The PBL height can vary 
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from a few meters and 5 km, depending on location and time of year or day. The PBL itself 
can also be categorized in two distinct regions. The continental PBL (CBL) and the marine 
PBL (MBL). Since approx. 70% of earth’s surface is covered in water, the MBL is a major 
part of the lower troposphere. With the oceans directly influencing the MBL, large amounts 
of heat and moisture are exchanged between ocean and atmosphere (Fairall, Bradley, 
Rogers, Edson, & Young, 1996). Additionally, phytoplankton are sources for biogenic 
VOC and dimethyl sulfide (DMS) (Millet et al., 2008; Moore, Oram, & Penkett, 1994; 
Shaw, Chisholm, & Prinn, 2003). Oxidation of VOCs or DMS can form secondary organic 
aerosols (SOA) and sulfate respectively, and in turn can lead to cloud condensation, 
influencing earth’s radiative budget. 

A strong interaction between CBL and MBL can be found in coastal areas. Due to 
temperature differences between land and sea, often times airmasses travel from land to 
sea. These air masses can introduce an immense amount of emissions in the MBL, 
originating on land. With approx. 40% of world’s population living within 100 km of the 
coast, it is vital to get a closer understanding of processes in this special environment. 

 

Figure 1.2 Schematic overview of the troposphere, taken from Möller (2003) 
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1.3 Hydroxyl- and Hydroperoxyl radical chemistry in the troposphere 

 

Figure 1.3 Simplified schematic of HOx chemistry. Radical production (green), recycling (black) and loss 
(red) are indicated by arrows. 

As the most important oxidant in the atmosphere during daytime, OH is at the center of a 
large amount of atmospheric reactions. Figure 1.3 shows a simplified schematic of the 
chemistry of OH and HO2. In the lower troposphere, HOx radicals are produced 
photochemically from precursor species, e.g. O(1D), H2O2, HONO. Via the reaction of OH 
with CO or O3 and the reaction of HO2 with NO and O3, both HOx species interchange 
within minutes and are in an equilibrium with each other (Levy, 1971). Additionally, 
reaction with most VOC lead to formation of organic peroxy radicals (RO2), which can 
react with NO to form HO2 or organic nitrates. While the former contributes to recycling 
of radicals, the latter leads to loss of radicals. Other loss processes of HOx include reaction 
with NO2 and NO, forming HNO3 and HONO respectively, as well as recombination 
reactions with OH, HO2 or RO2, forming organic peroxide, H2O2 and water. Sources, sinks 
and recycling of HOx will be discussed in more detail in the following chapter. 

1.3.1 HOx sources 
The main source of OH in the lower, remote troposphere is the photolysis of O3 (R.1a), 
producing an excited oxygen atom O(1D) and O2. The majority of O(1D) will lose their 
excitation by reacting with O2 and N2, returning to ground state O(3P) (R.1b) and reforming 
O3 (R.1c). The remaining O(1D) atoms react with water forming OH (R.1d). At 1 % water 
vapor content and 298 K this fraction is about 14 % (R. Atkinson et al., 2004). 
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 O3 + hν → O2 + O� D1 �  (R.1a) 
 O( D) + M → O� P3 � + M1       M=N2, O2 (R.1b) 
 O� P3 � + O2 + M → O3 + M  (R.1c) 
 O� D1 � + H2O → 2OH  (R.1d) 
   

Since this source of OH is highly dependent on water vapor concentration, in regions with 
low water concentrations other sources of HOx can be important. The photolysis of 
hydroperoxide and organic peroxides (R.2 & R.3) can be important especially in the upper 
troposphere, where water content in the atmosphere is reduced. 

 H2O2 + hν → 2OH  (R.2) 
 ROOH + hν → OH + RO  (R.3) 
   

The photolysis of HONO often contributes to the production of OH during early morning 
hours (R.4). After accumulating during the night, HONO will decompose forming OH even 
before HOx production via ozone photolysis starts (Hofzumahaus et al., 2009). 

 HONO + hν → OH + NO (R.4) 
 Alkene + O3 → OH + products  (R.5) 
   

A non-photolytic source of OH is the ozonolysis of alkenes (R.5). During the reaction a 
Criegee Intermediate is formed, which can release OH during decomposition (Criegee, 
1975). 

 HCHO + hν + 2O2 → 2HO2 + CO  (R.6) 
   

The major primary source of HO2 in the atmosphere is the photolysis of Formaldehyde 
(HCHO). 

1.3.2 HOx recycling 
OH and HO2 form an equilibrium with each other, through several recycling reactions. The 
most prevalent HO2 production is via the reaction of OH with CO and O2, forming CO2 and 
HO2 (R.7). Other channels, which produce HO2 by reacting with OH are O3, HCHO, H2O2 
and SO2 (R.8 - 11).  

 OH + CO + O2 → HO2 + CO2  (R.7) 
 OH + O3 → HO2 + O2  (R.8) 
 OH + HCHO + O2 → HO2 + H2O + CO  (R.9) 
 OH + H2O2 → HO2 + H2O  (R.10) 
 OH + SO2 + O2 + H2O →  HO2 + H2SO4  (R.11) 
   

In turn, HO2 can recycle to OH by the reaction with NO or O3 (R.12 & 13). 
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 HO2 + O3 → OH + 2O2  (R.12) 
 HO2 + NO → OH + NO2  (R.13) 
   

Another pathway to form HO2 from OH is through the oxidation of VOC by OH (R.14). 
The forming organic peroxy radical (RO2) can react with NO forming an alkoxy radical 
(RO) (R.15), which can produce HO2 and an aldehyde (RCHO) through reaction with O2 
(R.16). RO2 chemistry is described in further detail in 1.4. 

 RCH3 + OH + O2 → RCH2O2 + H2O  (R.14) 
 RCH2O2 + NO → RCH2O + NO2  (R.15) 
 RCH2O + O2 → RCHO + HO2  (R.16) 
   

where R denotes an organic group.  

 

Figure 1.4 Recycling mechanism of RO2 formed from isoprene under low-NO conditions. Different reaction 
pathways were omitted for simplicity and can be found in Peeters, Müller, Stavrakou, and Nguyen (2014) 

Additionally, Peeters et al. (2014) reported a mechanism for OH recycling for isoprene 
oxidation (Figure 1.4). A produced Z-δ-hydroxy isoprenyl peroxy radical 1 can undergo a 
1,6-H-shift to form an allylic hydroxy hydroperoxide 2. Through addition of O2, followed 
by fast unimolecular decomposition, a hydroperoxy aldehyde 4 (HPALD) is formed. Fast 
photolysis of HPALD reforms OH. This mechanism is relevant under very low-NO 
conditions.  
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1.3.3 HOx sinks 
The main sink of HOx are radical self- or cross-reactions (R.17 - 19) producing peroxides 
or water and O2. 

 HO2 + HO2 → H2O2 + O2  (R.17) 
 HO2 + RO2 → ROOH + O2  (R.18) 
 OH + HO2 → H2O + O2  (R.19) 
   

Another potential sink for HOx are the formation of acids (R.20 - 22). 

 OH + NO + M → HONO + M  (R.20) 
 OH + NO2 + M → HNO3 + M  (R.21) 
 HO2 + NO2 + M → HNO4 + M  (R.22) 
   

As mentioned above, photolysis of peroxides and HONO can lead to production of radicals, 
however a considerable portion of peroxides and acids is lost from the radical cycle through 
dry and wet deposition processes. 

 

1.4 Organic peroxy radicals 

1.4.1 Production 
Organic peroxy radicals play a major role in the HOx cycle (see 1.3.2). As mentioned above, 
the reaction of OH with VOC leads to the production of RO2. The reaction pathway can be 
separated into two distinct groups. Alkanes and other saturated VOCs react with OH by H 
abstraction forming alkyl radicals, which react with oxygen to alkyl peroxy radicals 
(R.23 - 24). Unsaturated VOCs can react quickly by addition of OH with subsequent 
addition of oxygen to form β-hydroxy peroxy radicals (R.25 - 26) (R. Atkinson & Arey, 
2003). 

 RCH2R′ + OH → RCHR′ + H2O  (R.23) 
 RCHR′ + O2 → RCHO2R′  (R.24) 
 RCH = CHR′ + OH → RCH − CHOHR′  (R.25) 
 RCH − CHOHR′ + O2 →  RCHO2 − CHOHR′  (R.26) 
   

The production of RO2 through OH oxidation of aromatics differs from the simple reactions 
of alkanes and alkenes. The oxidation mechanism of benzene is shown in Figure 1.5. Initial 
addition of OH forming alkyl radical 1, which can react with O2 either by H-abstraction 
forming phenol 2 or by addition forming a peroxy radical. The peroxy radical can produce 
phenol via an elimination reaction (~53 %) or form a bicyclic alkyl radical 3 through 
intramolecular (~47 %) (Xu, Møller, Crounse, Kjaergaard, & Wennberg, 2020). A small 
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amount of 3 (~1 %) can form a bicyclic epoxy alkoxy radical 5 via isomerization, however 
the reaction with O2 dominates, forming a bicyclic peroxy radical 4.  

 

Figure 1.5 Production of RO2 through oxidation of benzene. Taken and modified from Kunkler (2021). 

Additionally, nitrate radicals can react with unsaturated VOC via addition, forming RO2 
(R.27 – 28) (Wayne et al., 1991). 

 RCH = CHR′ + NO3 → RCH − CHNO3R′  (R.27) 
 RCH − CHNO3R′ + O2 →  RCHO2 − CHNO3R′  (R.28) 
   

1.4.2 Loss 
As mentioned in 1.3.2, RO2 can be part of the HOx cycle via the reaction with NO to reform 
HO2 (R.14 - 16) and for RO2 from isoprene via 1,6-H-shift. Depending on the production 
pathway reaction with NO can be followed by different reactions. Figure 1.6 shows the 
reaction scheme of RO2 produced from saturated (left) and unsaturated VOCs (right) 
(Fuchs et al., 2011). Reaction of RO2 from saturated VOC with NO forming alkoxy radicals 
is followed by H abstraction by oxygen producing HO2 and a carbonyl compound. The 
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reaction of RO2 from unsaturated VOC with NO is followed by unimolecular 
decomposition of the produced β-hydroxy alkoxy radical, forming a carbonyl compound 
and a hydroxy alkyl radical, which can rapidly react with oxygen forming another carbonyl 
compound and HO2. Under atmospheric conditions, the reaction with NO is the rate-
determining step for both types of RO2. 

 

Figure 1.6 Reaction scheme of alkyl peroxy radical (left) and β-hydroxy alkyl peroxy radical (right). (taken 
and modified from Fuchs et al. (2011)) 

The reaction of RO2 with NO has a second competing reaction branch. Instead of 
abstraction of an oxygen atom, NO can add to RO2 to form an organic nitrate (R.29), 
leading to loss of radicals through this channel. The branching ratio of both reactions are 
dependent on the type of RO2, with increasing chance of forming nitrate with higher 
number of atoms (excluding hydrogen) (Wennberg et al., 2018). Another loss process of 
RO2 is the reaction with other radicals (R.18 & 30). These reactions remove two radicals 
form the HOx cycle. 
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 RO2 + NO + M → RONO2 + M  (R.29) 
 RO2 + R′O2 → products  (R.30) 
   

 

1.5 Ozone production 

Both OH and HO2 play an important role in the production of tropospheric ozone. O3 is 
mainly formed through the photochemical cycle of NO and NO2 (R.31 - R.33).  

 NO2 + hν → NO + O( P)3   (R.31) 
 O( P)3 + O2 + M → O3 + M  (R.32) 
 O3 + NO → NO2 + O2  (R.33) 
   

This represents a “null-cycle”, where net ozone production (NOP) is zero. However, NO 
can also be oxidized by HO2 (R.13) and RO2 (R.15), thus forming NO2 without loss of O3, 
which in turn leads to a O3 production. If this production exceeds the loss through 
photolysis (R.1a), reaction with OH (R.8) and reaction with HO2 (R.12), O3 is produced 
and increases in concentration. At low NOx mixing ratios, the formation of peroxides (R.17, 
R.18 & R.30) or recycling through ozone (R.12) dominates. Net ozone production rate 
(NOPR) in this regime is NOx-limited. Increasing NOx mixing ratios favor R.13 and R.15, 
thus increasing NOPR. With NOx mixing ratios increasing further, the production of HNO3 
from OH and NO2 (R.21) and production of organic nitrates (R.29) causes loss of HOx and 
thus decreasing NOPR. NOPR in this regime is NOx-saturated or VOC-limited. Figure 1.7 
shows OH concentrations and NOPR as a function of NOx mixing ratio. High NOPR can 
cause an accumulation of tropospheric O3 to higher levels, which in turn are known to 
induce plant stress and can harm respiratory health in both animals and humans (Nuvolone, 
Petri, & Voller, 2018). 
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Figure 1.7 OH concentrations (solid line) and net ozone production rate (dashed line) as a function of NO 
mixing ratio. Taken from Schumann and Huntrieser (2007) 
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2 HOx measurement techniques and the HORUS instrument 

2.1 OH Measurement techniques 

Due to its high reactivity towards many atmospheric trace gases, OH atmospheric lifetimes 
are typically shorter than one second. This makes measurements of OH rather difficult, 
since wall losses have to be minimized and a fast detection is required. In addition, low OH 
concentrations between 105 – 107 molec/cm3 cause the need for highly sensitive 
instrumentation. Three widely used techniques are: differential optical absorption 
spectroscopy (DOAS) via direct absorption by OH (Perner et al., 1987), chemical ionization 
mass spectrometry (CIMS) via detection of H2SO4 after oxidation of SO2 by atmospheric 
OH (Eisele & Tanner, 1991), and by laser-induced fluorescence of OH molecules based on 
fluorescence assay by gas expansion (LIF-FAGE) via the detection of OH fluorescence 
after laser excitation (Hard, O'Brien, Chan, & Mehrabzadeh, 1984). DOAS uses wave-
length dependent absorption of light following Lambert-Beer law to directly measure OH 
concentration. Its uncertainty is mostly dependent on the uncertainty of the absorption cross 
section of OH, and its limit of detection is affected by the pathlength of the light, scattering 
by aerosols, and absorption due to other trace gases. As an absolute measurement technique, 
it does not require calibration. CIMS measures OH indirectly after conversion of 34SO2 into 
H2

34SO4. H2SO4 is ionized by NO3
- through a charge-transfer reaction and the ratio of 

HSO4
-/HNO3 is measured by a mass spectrometer. Since the isotope 34S makes up only 

about 4 % of the naturally occurring sulfur, atmospheric H2SO4 can be distinguished from 
in the sample air. 

2.1.1 LIF FAGE 
The first report of OH excited by a tunable laser source and successfully detecting the 
resulting fluorescence was by C. C. Wang and Davis (1974). OH radicals can be selectively 
excited by UV light with a wavelength of 282.58 nm which is in resonance with the 
P1(2) line within the A2Σ+ - X2Π, v′=1 ← v″=0 transitions of OH. The relaxation to ground 
state occurs via rotationally and vibrationally excited states with fluorescence in the 
wavelength range of 307-315 nm (C. C. Wang & Davis, 1974) with a lifetime of around 
700 ns. However, at atmospheric pressure, most of the excited OH molecules lose their 
energy by collision quenching with other molecules, leading to a collision lifetime of ~1 ns 
(Heard & Pilling, 2003). Additionally, laser scatter on aerosols, other molecules in the 
sample air and walls within the instrument cause large background signal, which together 
with poor fluorescence yield lead to a detection limit of only 5 x106 molec/cm3 (C. C. Wang 
& Davis, 1974). Further limitations of measurements of OH by LIF as reported by C. C. 
Wang and Davis (1974) are photodissociation of O3 caused by laser radiation at 282 nm, 
yielding O(1D) atoms. Subsequent reaction of O(1D) with atmospheric water vapor leads to 
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formation of OH radicals analog to R.1.1d, causing the laser radiation itself to be a source 
of OH (Ortgies, Gericke, & Comes, 1980). 

The introduction of the fluorescence assay by gas expansion (FAGE) technique led to a 
significant improvement in the measurements of OH using LIF. By lowering the pressure 
inside the detection chamber to ~1 – 5 mbar, both disadvantages of LIF as described above 
can be reduced. Lower pressure reduces the number density of H2O and O3, thus decreasing 
the amount of laser-generated OH (Hard et al., 1984). Even though lower pressure also 
lowers the number density of detectable OH and increases wall losses due to longer mean 
free path for molecules within the detection chamber, the OH fluorescence yield is strongly 
increased due to decreasing collision quenching. Figure 2.1 shows an overview of the 
combined effects on detection sensitivity.  

 

Figure 2.1 Schematic view of the pressure-dependent LIF-FAGE sensitivity as a function of internal pressure 
(light blue line), OH transmission (dotted-dashed dark blue line), internal density (green line) and quenching 
(dashed red line). (modified version of Faloona et al. (2004), taken from Marno et al. (2020)). 

Further improvements were made to reduce background signals, such as installing baffles 
and black anodizing the internal walls in order to reduce scatter from internal reflections. 
To minimize the impact of fluorescence from aerosols and other molecules in the sample 
air, electronic detector gating times were introduced (Creasey, Halford-Maw, Heard, 
Spence, & Whitaker, 1998; Hard et al., 1984; Stevens, Mather, & Brune, 1994). During the 
laser pulse, the detector is switched off. After the initial laser pulse, the detectors are 
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switched on, and the detected signal is integrated over several hundred nanoseconds (see 
Figure 2.2). 

Even though production of laser-generated OH was reduced due to lower pressure, it was 
still a significant source of uncertainty (Smith & Crosley, 1990). By changing the laser 
wavelength to 308 nm to excite the A2Σ+ - X2Π, v′=0 ← v″=0 transition, both O3 absorption 
cross section and O(1D) quantum yield are reduced, leading to a ~30 times lower 
interference by laser-generated OH. Additionally, the absorption cross section of OH at 
308 nm is ~4 times higher than at 282 nm, therefore increasing the OH fluorescence signal 
(Chan, Hard, Mehrabzadeh, George, & O'Brien, 1990). 

More recently, J. Mao et al. (2012) suggested that in some LIF-FAGE designs, an unknown 
source of OH, produced in the low pressure side, may cause interference in measurements 
of atmospheric OH. In order to account for such an interference, a scavenger, e.g. propane, 
is added to chemically remove atmospheric OH under atmospheric pressure (Novelli et al., 
2014). 

 

Figure 2.2 Schematic representation of the timing of photon counting process that is used to quantify OH 
concentrations by LIF-FAGE technique. The detectors are switched off during the laser pulse (dark grey 
areas) by electronic gating. The detector is switched on at t1 and the integrated area (light grey) is proportional 
to OH number concentration. At t2 the detector is switched off again before the next laser pulse (Taken from 
Faloona et al. (2004), modified). 
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2.2 HO2 Measurement techniques 

HO2 typically reaches concentrations around 100 times higher than those of OH, with 
lifetimes of a few minutes and is often measured alongside OH. CIMS measures HO2 and 
RO2 indirectly by injection of NO to converting them into OH (Reiner, Hanke, & Arnold, 
1997). Produced OH is measured as described above (2.1). By adding N2 to the sample air, 
the reaction of RO to HO2 (R.1.16) is suppressed, causing ~70 % produced H2SO4 
stemming from HO2 (Heard & Pilling, 2003). 

2.2.1 LIF FAGE 
Chemical conversion of HO2 to OH by injection of excess NO (R.1.13), allows the LIF-
FAGE technique to indirectly measure HO2. The produced OH is then measured similarly 
as described in 2.1.1. Due to the short time between the point of NO injection and detection 
of produced OH radicals (a few milliseconds), high mixing ratios of NO are needed in order 
to reach high conversion efficiency. However, wall losses and efficient NO mixing during 
injection also impact conversion efficiency. Additionally, atmospheric RO2 can react with 
NO producing detectable amounts of OH (R.14 – 16), therefore artificially increasing 
measured HO2 concentrations. Measured HO2 and internally produced HO2 from RO2 is 
called HO2

*. Alkene-based RO2 species can also decompose unimolecular, rapidly forming 
HO2 under low pressure conditions (Fuchs et al., 2011). The interferences from RO2 species 
can be reduced by shortening the reaction time and reducing NO concentrations at the 
expense of HO2 conversion efficiency. The impact of RO2 on the HydrOxylRadical 
measurement Unit based on fluorescence Spectroscopy (HORUS) LIF-FAGE instrument 
and its correction will be discussed in chapter 3. 

2.3 HOx observations using numerical box models 

Atmospheric numerical models are a powerful tool to predict and simulate non-linear 
physical and chemical processes in the atmosphere. This allows the description of the 
influence of different environmental conditions on chemical composition and 
climatological effects. The reliability of such calculations depends on the choice and 
mathematical implementation of the relevant processes and their viability to describe 
reality. Validation is done through comparison with measured data, where significant 
discrepancies hint to an inaccurate or incomplete description of processes. To reduce 
complexity, often chemical and meteorological processes are separated. Due to the short 
tropospheric lifetime of HOx, their concentrations are only influenced by local 
concentration of other trace gases and thus are only indirectly influenced by transport 
mechanisms. This makes numerical model calculation together with measurements a viable 
method to analyze atmospheric processes of HOx and better understand their influence on 
the oxidation capacity of the atmosphere. 
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One such numerical model is CAABA/MECCA, which was developed at the Max Planck 
Institute for Chemistry, Mainz (Sander, Kerkweg, Jöckel, & Lelieveld, 2005). The chemical 
mechanism MECCA (Module Efficiently Calculating the Chemistry of the Atmosphere) 
is used in the confines of the box model CAABA (Chemistry As A Boxmodel Application). 
MECCA mechanism contains of about 600 species and 1600 reactions, including basic 
chemistry such as HOx, O3 and NOx, as well as more complex organic oxidation chemistry 
in its subsection MOM (Mainz Organic Mechanism) (Cabrera-Perez, 2016; Hens et al., 
2014; J. Lelieveld, 2016; Nölscher, 2014; Taraborrelli, 2012). CAABA/MECCA is written 
in Fortran90, with the KPP (Kinetic PreProcessor) software (Sandu & Sander, 2006) for 
numeric integration. CAABA/MECCA is described in more detail in Sander et al. (2005), 
R. Sander et al. (2011) and Sander et al. (2019). 

In the scope of this work, CAABA/MECCA-4.0 (Sander et al., 2019) was employed for 
different uses throughout this work. 

 

2.4 HORUS 

The observations of OH and HO2 discussed in this work were conducted using the ground-
based HydrOxyl Radical Measurement Unit based on fluorescence Spectroscopy (HORUS) 
by the Max Planck Institute for Chemistry (Mainz, Germany). HORUS is based on the 
aforementioned LIF-FAGE technique and is described further in Martinez et al. (2010). An 
Inlet Pre-Injector (IPI) was used to account for any unknown source of OH causing 
interference in the measurement. The IPI system is described in further detail in Novelli et 
al. (2014). The instrument is comprised of laser system, low-pressure detection unit, IPI, 
vacuum system and instrument control and data acquisition unit (described below). 

2.4.1 Instrument setup 
Laser system 
The UV light used for the excitation of OH is provided by a Nd:YAG pumped pulsed, 
tunable dye laser system (Martinez et al., 2010; Wennberg et al., 1994). A diode-pumped 
Nd:YAG laser (Type Navigator I, Spectra Physics) provides frequency-doubled light at 
532 nm to a custom-made dye laser system. It is operated at a pulse frequency of ~3 kHz 
with a pulse length of ~25 ns. A tenfold beam expander and a collecting lens are used to 
focus the beam on the dye cell. Additionally, to counteract potential thermal and 
mechanical influences on misalignment, the incoupling of the green laser can be controlled 
by two piezo-actuated mirrors. 
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Figure 2.3 Schematic setup of the dye laser system. The incoming 532 nm wavelength laser beam is focused 
by the collecting lens onto the dye cell. The fluorescence from the pyrromethene-597 laser dye is selectively 
amplified at 616 nm inside the optical resonator. Using a nonlinear doubling crystal (BBO), UV light at 
308 nm is produced. Taken from Hens (2013). 

Figure 2.3 shows a schematic setup of the dye laser cavity (taken from Hens (2013)). The 
incoming expanded beam of the pump laser (532 nm) is focused by the collecting lens on 
the dye cell, hitting it at the Brewster angle. The laser dye is Pyrromethene-597 (Radiant 
Dyes Laser, Germany) dissolved in >99.9 % pure isopropanol. It absorbs the green laser 
light and fluoresces in the red wavelength range. The dye is circulated between a dye cell 
and a reservoir in order to prevent overheating and degradation of pyrromethene-597 and 
to prevent oversaturation of excited laser dye within the dye cell. The circulation rate is set 
to 1.6 - 1.7 liters per minute, which results in a complete exchange of dye within the cell 
after two laser pulses. The emitted light is then amplified within the cavity between the end 
mirror and the outcoupling mirror (see Figure 2.3). Since the dye emits a broad band of red 
light, two steps of wavelength selection are done. The combination of 3 dispersion prisms 
and a rotatable intracavity etalon achieves the selection of the required light at a wavelength 
of 616 nm. A β-barium borate (BBO) crystal is used to generate the second harmonic of 
the 616 nm beam to 308 nm. The UV light is then coupled out of the cavity via the 
outcoupling mirror and transported to the detection cells using optical fibers. 
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Low-pressure detection unit 
The detection system of HORUS is shown in a schematic in Figure 2.4 (taken from Hens 
(2013)). Sample air is drawn through the Inlet-Pre-Injector (IPI) at a rate of ~50 SLM 
(p = 1013 hPa, T = 273.15 K). Propane can be added as a scavenging agent to remove 
atmospheric OH, allowing measurement of residual chemical background OH signal 
suggested by J. Mao et al. (2012). 

 

Figure 2.4 Schematic setup of the HORUS detection system. Sample air is drawn through the IPI at a rate of 
~50 L/min. About 10 L/min is drawn through a critical orifice into the low-pressure detection cell. Laser light 
with a wavelength of 308 nm is used to excite OH radicals and fluorescence is detected by multi-channel 
plate detector (MCP). After adding excess amount of NO, HO2 radicals are converted to OH and can be 
measured in the same way in the lower detection cell. 

A critical orifice is used to guarantee a constant mass flow through the system. The internal 
pressure is kept between 2.5 - 4 mbar in order to assure high sensitivity. Additionally, this 
pressure difference results in an internal flow of ~10 SLM, which is necessary to avoid 
excitation of the same sample air by two consecutive laser pulses, producing laser-
generated OH. Inside the detection cell, a White Cell setup (White, 1942) is used to 
maximize fluorescence signal and therefore instrument sensitivity.  
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Detection of OH is achieved by collecting fluorescence light on a multi-channel plate 
detector set up perpendicular to the direction of sample air flow and laser beam in order to 
minimize interference from scattered light. Atmospheric OH concentrations are measured 
in the upper detection cell of the HORUS setup (see Figure 2.4) HO2 measurements are 
done via chemical conversion adding NO in excess downstream of the OH detection. The 
sum of remaining atmospheric OH and OH converted from HO2 are measured in the lower 
detection cell. HO2 concentrations can then be calculated by taking the OH measurements 
of the upper detection cell into account. Additionally, HO2 measurements are influenced 
by the residence time inside the HORUS system, which can be calculated using the known 
mass flow from the critical orifice, the diameter and length of the tube between NO injector 
and point of measurement. This approach assumes perfect mixing of NO at the point of 
injection and gives the so-called physical residence time, which overestimates the time NO 
has to react with HO2. Utilizing a simple NO calibration using a known amount of NO and 
HO2, and the rate constant for the reaction of NO with HO2, the chemical residence time 
can be calculated (Eq.1). It represents the actual reaction time of NO and HO2 taking mixing 
into account and is shorter than the physical residence time. The chemical residence time 
inside HORUS is generally 6.5±0.5 ms. 

 [𝑂𝑂𝑂𝑂] = [𝑂𝑂𝑂𝑂2] ∙ �1 − exp�−𝑘𝑘𝑁𝑁𝑁𝑁+𝐻𝐻𝑁𝑁2 ∙ [𝑁𝑁𝑂𝑂] ∙ 𝑡𝑡�� (Eq.1) 
   

The correlation between the measured fluorescence signal and OH radical concentrations 
is determined by the instrument sensitivity normalized for laser power. The instrument 
sensitivity is dependent on different factor (e.g. sensitivity of the detector, transmissivity 
of the White Cell setup, quenching effects of water vapor inside the sample air), some of 
which are difficult to quantify and can change over time. Calibrations of HORUS are 
therefore performed regularly and are described in chapter 2.4.2. 

Scattering of light or possible fluorescence of other species in the sample air can cause a 
background signal, which elevates the fluorescence signal, and has to be accounted for. In 
the HORUS setup, this is done by tuning the laser off resonance for OH molecules and 
measuring the background signal periodically. After 5 seconds of online measurement, the 
frequency of the laser beam is alternately shifted to higher and lower frequencies (~37GHz) 
of the Q1(2) transition line of OH (Figure 2.5a). Figure 2.5b shows the typical “toggling” 
pattern of HORUS during measurements.  
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Figure 2.5(a) The laser beam is periodically tuned on (green line) and off OH resonance (red lines) to 
measured HORUS internal fluorescence background signal. (b) Measured signal of on-off resonance 
toggling. On (green areas) and off (red and yellow areas) resonance are alternated approx. every 5 sec. Off 
resonance is also alternated between frequency above (red area) and below (yellow) OH resonance line at 
308 nm. 

Vacuum system 
The Vacuum needed for the HORUS system is created by a combination of a scroll pump 
(Type XDS-35, Edwards) with a roots blower (Type M90, Eaton). The air is compressed 
in front of the pump, leading to higher pumping efficiency, achieving the volume flow and 
low pressures required to operate the HORUS system. 

Instrument control and data acquisition 
The HORUS instrument is controlled by an embedded PC running a Debian LINUX 
operating system. Analog and digital sensors as well as stepper motors, mass flow 
controller and valves are connected to the data acquisition using a modular system of 
electronic cards, developed at the Max Planck-Institute for Chemistry, Mainz. An ISA bus 
is used to establish a connection to the PC. The HORUS software is based on a client-server 
model and programmed in “C”. The server controls the communication with hardware and 
stores recorded data on a hard drive. The graphical user interface (GUI) is programmed in 
MatLab (Mathworks, Inc.) and is realized as a client, allowing continued data acquisition 
even during GUI malfunction.  

2.4.2 Calibration 
As an indirect measurement method, calculation of OH concentrations from LIF-FAGE 
data requires knowledge of the instrument sensitivity COH. To ensure stability over a period 
of time, regular calibrations are done by producing known concentrations of OH and HO2 
via photolysis of water vapor. Different mixtures of dry and humid air are produced in a 
range of 0-25 mmol mol-1. The water vapor concentrations are measured by an infrared 
absorption instrument (LI-7000, LICOR), which is calibrated against a dew point generator 

(a) 

 

(b) 
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(LI-610, LICOR), which is in turn calibrated against NIST traceable pressure and 
temperature sensor. A mercury vapor lamp (Pen ray line source, LOT-QuantumDesign, 
Europe) is used to photolyze the water vapor to form OH and HO2 (see R.34 - 36). The 
radical concentration can then be calculated according to equation Eq. 2 (Faloona et al., 
2004). 

 H2O + hν
λ=184.9 nm
�⎯⎯⎯⎯⎯⎯⎯� OH + H∗  (R.34) 

 H∗ M
→ H  (R.35) 

 H + O2
M
→ HO2  (R.36) 

   

 

 [OH] = [HO2] = Φ0𝜎𝜎H2O[H2O]𝑡𝑡𝑓𝑓O2  (Eq.2) 
   

with the actinic flux density of the lamp Φ0, the absorption cross section of water at 
184.9 nm σH2O, the residence time t under the lamp. Additionally, a correction factor fO2 is 

applied to correct for absorption by oxygen and a resulting reduction of actinic flux density.  

 
𝑓𝑓𝑁𝑁2 = �

𝑒𝑒−𝜎𝜎𝑂𝑂2[O2]𝑥𝑥𝑑𝑑𝑑𝑑
ℎ

ℎ

0
 

(Eq.3) 

   

Figure 2.6 shows a schematic setup of the calibration unit of the HORUS instrument. 
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Figure 2.6 Schematic gas flow plan of the calibration setup used for the HORUS instrument. (Taken from 
Kubistin (2009)) 

The actinic flux density of the lamp is measured using the actinometric method by N2O 
photolysis described by Martinez et al. (2010). O(1D) molecules produced by N2O 
photolysis react with N2O to form NO. The produced NO is measured by a NOx 
chemiluminescence analyzer (C42, Thermo Environmental Instruments). The NO analyzer 
is calibrated using a NIST standard.  

Interferences 
In order to achieve reliable measurements of OH and HO2, possible interferences have to 
be accounted for. In the LIF-FAGE method, interferences can be caused by processes inside 
the instrument itself, or atmospheric substances interacting with the laser light at the applied 
wavelength of 308 nm. One such substance is sulfur dioxide (SO2), as it absorbs light 
around 308 nm. In the HORUS setup, this is accounted for by the aforementioned 
“toggling” during measurements. By shifting the wavelength of the laser beam off OH 
resonance, the spectral can be measured, allowing for subtraction of possible fluorescence 
caused by SO2. 

Internally generated OH were suspected to cause interference (J. Mao et al., 2012). In the 
HORUS setup, this is accounted for by using the IPI system (Novelli et al., 2014). By 
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adding propane to the sample air, atmospheric OH can be scavenged by more than 95 %, 
allowing measurements of internally produced OH only (Figure 2.7). 

 

Figure 2.7 By injecting a scavenger into the sample air, background OH can be obtained (red shaded area). 
Atmospheric OH can be obtained from the difference of total OH (blue shaded area) and background OH. 
(taken from Novelli et al. (2014)) 

A known interference in the HO2 measurements caused by organic peroxides RO2 will be 
discussed in detail in chapter 3. 
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3 Characterization and correction of RO2 interferences 

The measurements of HO2 in HORUS are based on the conversion of HO2 to OH using an 
excess amount of NO (see 2.2.1 and R.13). As mentioned in 1.4, RO2 can undergo similar 
reactions with NO. After subsequent reaction with oxygen, HO2 is produced (R.16). Inside 
the HORUS setup, these reactions can occur after the injection of NO and therefore 
artificially increase HO2. While relevant under atmospheric conditions, these reactions 
were expected to be negligible under the low pressure and short reaction time in the FAGE 
detection system compared to the reaction of HO2 with NO (Heard & Pilling, 2003). Further 
studies showed, that the impact of RO2 highly depends on the organic part of the molecule. 
For methyl peroxy radicals (CH3O2), interferences between 5 – 10 % had been reported 
(Hens, 2013; Holland, Hofzumahaus, Schäfer, Kraus, & Pätz, 2003). Fuchs et al. (2011) 
reported an interference of up to 80 % caused by RO2 produced from unsaturated and 
aromatic VOCs. This is caused by the aforementioned different reaction pathways 
undergone by RO2 sat and RO2 unsat (see 1.4 and Figure 1.6). For RO2 sat, low-pressure and 
high-NO conditions inside the HORUS setup cause the reaction of the alkoxy radical RO 
with O2 to be the rate-determining step. Other possible reactions of the alkoxy radical are 
reaction with NO and NO2. However, both reactions do not produce OH and do not cause 
an additional OH signal. Therefore, these reactions are not relevant for the correction of 
RO2 interference inside HORUS. For RO2 unsat, the unimolecular decomposition is favored 
by the low pressure inside HORUS, therefore the reaction of RO2 with NO is rate-
determining and highly favored under HORUS internal conditions. Due to these 
circumstances, it is necessary to correct for possible artificially produced HO2 by RO2 
(further named RO2 interference). The following chapter addresses this correction in detail. 

 

3.1 Estimation of ambient RO2 

To quantify the interference caused by RO2 on the HO2 measurements, the RO2 
concentration in ambient air has to be estimated. Due to the large variety of RO2, their 
measurements are difficult to conduct and it is necessary to estimate ambient RO2 
concentrations. 

3.1.1 RO2 Estimation using NOx/O3 PSS 
One possible method to estimate ambient RO2 concentrations is via the NOx/O3 photo 
stationary state (PSS) (Leighton, 1961). R.37 - 39 form a so-called null cycle for NOx and 
O3. Under the assumption of steady state and without the influence of VOC, the production 
and loss rate of NO2 can be assumed as Eq.4. 
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 𝑗𝑗(𝑁𝑁𝑂𝑂2) ∙ [𝑁𝑁𝑂𝑂2] = 𝑘𝑘𝑁𝑁𝑁𝑁+𝑁𝑁3 ∙ [𝑁𝑁𝑂𝑂] ∙ [𝑂𝑂3] (Eq.4) 
   

where j(NO2) is the photolysis frequency of NO2, and kNO+O3 is the rate constant of 

NO + O3.  

 NO2 + hν → NO + O( P)3   (R.37) 
 O( P)3 + O2 + M → O3 + M  (R.38) 
 O3 + NO → NO2 + O2  (R.39) 
   

Additionally, other atmospheric oxidizing agents can produce NO2 by reaction with NO, 
namely HO2 and RO2 (R.13 & 15), expanding Eq.4 to Eq.5. 

 𝑗𝑗(𝑁𝑁𝑂𝑂2) ∙ [𝑁𝑁𝑂𝑂2] = 𝑘𝑘𝑁𝑁𝑁𝑁+𝑁𝑁3 ∙ [𝑁𝑁𝑂𝑂] ∙ [𝑂𝑂3] 
                               +𝑘𝑘𝑁𝑁𝑁𝑁+𝐻𝐻𝑁𝑁2 ∙ [𝑁𝑁𝑂𝑂] ∙ [𝑂𝑂𝑂𝑂2] 

                               +[𝑁𝑁𝑂𝑂] ∙�𝑘𝑘𝑁𝑁𝑁𝑁+𝑅𝑅𝑖𝑖𝑁𝑁2 ∙ [𝑅𝑅𝑖𝑖𝑂𝑂2]
𝑖𝑖

 

(Eq.5) 

   

where kNO+HO2 is the rate constant of NO+HO2, RiO2 is a particular organic peroxy radical, 

and kNO+RiO2 is the rate constant of NO+RiO2.  

Assuming the rate constant of each peroxy radical equals the rate constant kNO+HO2 (Cantrell 

et al., 1997; Hauglustaine et al., 1996; J. A. Thornton et al., 2002), all peroxy radicals RiO2 
can be described as RO2 and estimated by solving Eq.5 for RO2 yielding Eq.6. 

 [𝑅𝑅𝑂𝑂2] =
𝑗𝑗(𝑁𝑁𝑁𝑁2)∙[𝑁𝑁𝑁𝑁2]−𝑘𝑘𝑁𝑁𝑂𝑂+𝑂𝑂3∙[𝑁𝑁𝑁𝑁]∙[𝑁𝑁3]

𝑘𝑘𝑁𝑁𝑂𝑂+𝐻𝐻𝑂𝑂2∙[𝑁𝑁𝑁𝑁] − [𝑂𝑂𝑂𝑂2]  (Eq.6) 

   

However, this method of estimating ambient RO2 concentrations using NOx/O3 PSS does 
not account for different VOC compositions present at the time of measurement. As 
mentioned above, the nature of VOC from which the peroxy radical derives from, 
determines further reactions. Therefore, inclusion of measured VOC data can give better 
insight of the RO2 concentrations causing interferences inside the HORUS setup. This is 
accounted for in the second method presented here. 

3.1.2 RO2 estimation using HO2 and OH reactivity 
HO2 can be used to describe ambient RO2 concentrations by assuming similar reaction 
patterns for RO2 and HO2. 

During daytime, steady state establishes within minutes for RO2 and HO2. This allows to 
describe their concentration as being only dependent on production and losses (Eq.7 - 8).  
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�[𝑅𝑅𝑂𝑂2]𝑖𝑖 =  

𝑃𝑃∑[𝑅𝑅𝑁𝑁2]𝑖𝑖
𝐿𝐿∑[𝑅𝑅𝑁𝑁2]𝑖𝑖

 
(Eq.7) 

 [𝑂𝑂𝑂𝑂2] =  
𝑃𝑃𝐻𝐻𝑁𝑁2
𝐿𝐿𝐻𝐻𝑁𝑁2

 
(Eq.8) 

   

where PRO2 and LRO2 are the production and loss rates of all RO2, PHO2 and LHO2 are the 

production and loss rates of HO2. 

Assuming the production of RO2 and HO2 during daytime occurs predominantly by the 
reactions of OH with VOC (R.35-38) and CO, respectively, Eq.7 and Eq.8 can be expanded 
to Eq.9 and Eq.10. 

 �[𝑉𝑉𝑂𝑂𝑉𝑉]𝑖𝑖 ∙ [𝑂𝑂𝑂𝑂] ∙ 𝑘𝑘𝑉𝑉𝑁𝑁𝐶𝐶𝑖𝑖 = �[𝑅𝑅𝑂𝑂2]𝑖𝑖 ∙ 𝐿𝐿𝑅𝑅𝑁𝑁2 (Eq.9) 

 [𝑉𝑉𝑂𝑂] ∙ [𝑂𝑂𝑂𝑂] ∙ 𝑘𝑘𝐶𝐶𝑁𝑁 = [𝑂𝑂𝑂𝑂2] ∙ 𝐿𝐿𝐻𝐻𝑁𝑁2 (Eq.10) 
   

where kVOCi and kCO are the rate constant of the reaction of VOCi with OH and of CO with 

OH. 

Lastly, assuming the major loss of RO2 and HO2 occurs by similar reactions (see chapters 
1.3.2 - 1.3.3), both the loss of RO2 (LRO2) and HO2 (LHO2) in Eq.9 and Eq. 10 are considered 

equal. Under these assumptions, the ratio of the RO2 and HO2 concentration is the ratio of 
their respective production rates (Eq.11). Subsequently, the RO2 concentration can be 
expressed as the HO2 concentration scaled by the ratio of the production rates resulting in 
Eq.12. 

 ∑[𝑉𝑉𝑂𝑂𝑉𝑉]𝑖𝑖 ∙ [𝑂𝑂𝑂𝑂] ∙ 𝑘𝑘𝑉𝑉𝑁𝑁𝐶𝐶𝑖𝑖
∑[𝑅𝑅𝑂𝑂2]𝑖𝑖

=
[𝑉𝑉𝑂𝑂] ∙ [𝑂𝑂𝑂𝑂] ∙ 𝑘𝑘𝐶𝐶𝑁𝑁

[𝑂𝑂𝑂𝑂2]  
(Eq.11) 

 
�[𝑅𝑅𝑂𝑂2]𝑖𝑖 =

∑[𝑉𝑉𝑂𝑂𝑉𝑉]𝑖𝑖 ∙ 𝑘𝑘𝑉𝑉𝑁𝑁𝐶𝐶𝑖𝑖
[𝑉𝑉𝑂𝑂] ∙ 𝑘𝑘𝐶𝐶𝑁𝑁

∙ [𝑂𝑂𝑂𝑂2] 
(Eq.12) 

   

Total uncertainty is calculated from the uncertainties of each variable according to Gauss 
error propagation. 

This allows to estimate the RO2 concentration based on the measured HO2, CO and VOC 
concentrations under conditions where the assumptions made are feasible. 
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3.2  Analytical and numerical calculation of the HORUS-internal RO2 
conversion using NO titration 

The calculation of the RO2 interference in HORUS from ambient RO2 concentrations is 
highly dependent on the type of peroxy radical present. As mentioned in 1.4.2, structural 
differences stemming from the VOC from which RO2 was produced, possible conversion 
to HO2 and interference in HORUS can vary greatly. Additionally, many rate constants of 
the reactions forming HO2 from RO2 are not studied yet and therefore unavailable to be 
used in calculations. A simplification is thusly needed in order to calculate HORUS-internal 
RO2 interferences. 

In the following section, two methods of calculating RO2 interference are presented. 

3.2.1 Cost effective estimate of the RO2 conversion to OH efficiency based on the 
internal temperature and pressure in HORUS 

 

Figure 3.1 Relative HO2 interference for RO2 sat vs. pressure (a) and temperature (b), respectively. The data 
obtained from CAABA/MECCA (red) was fitted (blue) with Eq.13 for the pressure dependency and Eq.14 
for the temperature dependency, respectively. The range of x was chosen to encompass conditions normally 
encountered during HORUS measurements. The NO concentration was 5.64∙1014 molec cm-3. 

With ambient RO2 concentrations estimated, interference caused through internally 
produced OH can be calculated using the CAABA/MECCA box model. By initializing the 
box model with internal conditions of HORUS (2.5 – 4 mbar, 295 – 330 K, 
5.64∙1014 molec cm-3 NO), chemistry inside the measurement system can be simulated and 
enables the calculation of internally produced OH, which is then normalized for the initial 
concentration of RO2 and corresponds to the HO2 interference relative to the RO2 
concentration (Irel) inside of HORUS. The reaction rate constants used to describe the 
reactions are temperature and pressure dependent. Therefore, throughout the measurement 
by HORUS, the internal pressure and temperature are constantly monitored. They follow 
in general the variations of their ambient counterparts. Additionally, significant changes in 
pressure can occur, when the critical orifice at the inlet is obstructed, e.g. by crystallizing 
sea salt. However, the numerical simulation of each of the 2-min measurement interval 

(a) (b) 
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typically used during a multi-day measurement campaign is computational expensive. A 
more cost-effective approach is to parameterize the RO2 to OH conversion as a function of 
the internal pressure and temperature. 

Figure 3.1 shows the relative HO2 interference by conversion of RO2 sat versus pressure (a) 
and temperature (b) calculated by numerical simulations of CAABA/MECCA. A linear fit 
Eq.13 had been used to describe the pressure dependency (Irel,p). The second order 
polynomial Eq.14 was used to describe the temperature dependency (Irel,T). By normalizing 
Irel,T to the temperature used during calculation of Irel,p allows to combine both factors to 
Eq.15. 

 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟,𝑝𝑝(𝑝𝑝) = 𝑚𝑚1 ∙ 𝑝𝑝 + 𝑚𝑚2 (Eq.13) 
 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟,𝑇𝑇(𝑇𝑇) = 𝑛𝑛1 ∙ 𝑇𝑇2 + 𝑛𝑛2 ∙ 𝑇𝑇 + 𝑛𝑛3 (Eq.14) 
 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟(𝑝𝑝,𝑇𝑇) = 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟,𝑝𝑝(𝑝𝑝) ∙ �
𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟,𝑇𝑇(𝑇𝑇)
𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟,𝑇𝑇(295)� 

(Eq.15) 

   

Table 3.1 Parameter for temperature and pressure dependency for relative HO2 interference from RO2 sat and 
RO2 unsat. Parameters were calculated for c(NO) = 5.64∙1014 molec cm-3 

Parameter RO2 sat RO2 unsat 

m1 4.07∙10-6 -7.11∙10-8 
m2 1.02∙10-4 3.39∙10-2 
n1 5.16∙10-8 2.56∙10-6 
n2 -4.20∙10-5 -1.92∙10-3 
n3 9.22∙10-3 0.38 
   

Figure 3.2a shows relative HO2 interference Irel sat for RO2 sat vs. internal pressure and 
temperature using the parameters from Table 3.1. The surface describes the interference 
inside HORUS for RO2 from saturated VOC. Since the NO concentration has a major 
influence on the conversion of RO2 to HO2 and OH, the described surface is only applicable 
for the NO concentration used for these calculations (c(NO) = 5.64∙1014 molec cm-3). For 
these conditions, the relative HO2 interference Irel sat is between 0.08 – 0.17 %. 

Similarly, Irel unsat can be calculated for RO2 unsat (Figure 3.2b). Contrary to Irel sat, Irel unsat 
only shows a negligible pressure dependency. As shown in 1.4.2, for RO2 unsat only the 
reaction with NO is pressure dependent. Since the mass flow of NO injected into the 
detection axis, the concentration of NO is constant even with fluctuating pressures. For 
these conditions, the relative HO2 interference Irel unsat is between 2.24 - 3.38 %. 

The discrepancy between Irel sat and Irel unsat is expected, since the conversion of RO2 sat to 
HO2 inside HORUS occurs through two bimolecular reactions (R.23 - 24). Contrary, after 
of RO2 unsat with NO, a fast, unimolecular decomposition precedes the formation of HO2. 
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This decomposition rate was determined to be in the order of 104 to 106 s-1 (R. Atkinson, 
1997; Orlando et al., 1998; Vereecken, Peeters, Orlando, Tyndall, & Ferronato, 1999). 
Total relative HO2 interference Irel is calculated using Eq. 16. 

 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 = [𝑅𝑅𝑂𝑂2]𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠𝑠𝑠𝑠𝑠 + [𝑅𝑅𝑂𝑂2]𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠 (Eq.16) 

 

Figure 3.2 Combination of the equation describing Irel,p (blue dots)and Irel,T (red dots) spanning a surface, 
which characterizes Irel for a given temperature and pressure. Irel from RO2 sat (Irel sat) (a) shows a dependency 
of both pressure and temperature, while Irel from RO2 unsat (Irel unsat) (b) only shows a temperature dependency 
and stays constant for different pressures. 

(b) 

(a) 
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As described in 2.4.1, the effective residence time inside HORUS includes the mixing 
efficiency of NO with the sample air and the transport from the NO-injection and detection 
of OH. Using the pump flow, tube length and diameter, the effective residence time is 
estimated to be 6.5±0.5 ms. To estimate the impact of the resulting uncertainty of the 
residence time in the conversion efficiency, model calculations based on the assumption of 
a residence time of 6 and 7 ms are performed. 

Additionally, uncertainties in the rate constants used in the box model need to be accounted 
for by varying rate constants randomly using Monte-Carlo-simulations (MC). It is assumed, 
that all RO2 sat can be described through CH3O2, and all RO2 unsat can be described through 
HOCH2CH2O2. However, since for each category of RO2, reaction rate constants vary with 
each RO2, a large additional uncertainty is introduced. To account for this, the error used 
in the MC simulations is changed to encompass rate constants of the RO2 shown in Table 
3.2. Table 3.3 shows rate constants and corresponding errors used. 

Table 3.2 RO2 used to estimate reaction rate constant uncertainty 

  RO2 included / origin VOC (for RO2 unsat) 
RO2 sat RO2 + NO → RO + NO2  CH3O2

*, C2H5O2
*, i-C3H7O2

*, 
n-C3H7O2

*, n-C4H9O2
*, t-C4H9O2

* 

 RO + O2 → HO2 + products  CH3O*, C2H5O+, 1-C3H7O+, 2-C3H7O+, 
1-C4H9O+ 

RO2 unsat RO2 + NO → RO + NO2  Ethen*, Propene#, 1-Butene#, 2-Butene#, 
2-Methylpropene#, 1,3-Butadiene#, 
Isoprene# 

   
* (Sander et al., 2019), + (R. Atkinson et al., 2006), # (Miller, Yeung, Kiep, & Elrod, 2004) 
   

Table 3.3 Rate constants and errors used for CAABA/MECCA simulation. Errors do not represent literature 
uncertainty, but were chosen to account for RO2 from different saturated or unsaturated VOC. 

 reaction Rate constant k * log(f) 
RO2 sat RO2 + NO → RO + NO2 2.3∙10-12∙exp(360/temp) 1.19 
 RO + O2 → HO2 + products 1.3∙10-14∙exp(-663/temp) 3.0 
RO2 unsat RO2 + NO → RO + NO2 2.54∙10-12∙exp(360/temp) 1.10 
 

* (R. Atkinson et al., 2006) 
    

Due to the large differences in the rate constant for the reaction RO+O2 for different VOC, 
the uncertainty for this reaction is chosen very large. Additionally, since this reaction is rate 
determining, it is a major contributor to the total uncertainty of Irel sat. Since the uncertainties 
of the rate constants are described as a lognormal distribution, total uncertainty cannot be 
described with 1σ confidence interval. Instead, they are described with an upper and lower 
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error. Upper and lower total uncertainty for Irel sat and Irel unsat were then calculated using 
Gauss error propagation. 

Table 3.4 Lower and upper error Irel sat and Irel unsat. 

 ΔIrel sat ΔIrel unsat 

Lower uncertainty 64.5 % 14.8 % 
Upper uncertainty 181.6 % 17.3 % 
   

The error margin for Irel sat is significantly larger than those of Irel unsat. This is mostly caused 
by large uncertainties suggested for the reactions of RO2 sat (see Table 3.3). 

In order to calculate the total uncertainty for Irel, the concentrations for RO2 sat and RO2 unsat 
have to be known (Eq. 16). To estimate the range and influence, Eq. 16 can be changed to 

Eq. 17, with the fraction of saturated RO2 fsat of the total RO2 concentration [RO2]. By 
dividing with the total RO2 concentration, the total interference relative to the total RO2 
concentration can be calculated (Eq. 18). Total uncertainty of Irel/[RO2] can be calculated 
using Eq.19. 

 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 = [𝑅𝑅𝑂𝑂2](𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠𝑠𝑠𝑠𝑠 + (1 − 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠) ∙ 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠) (Eq.17) 
 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟

[𝑅𝑅𝑂𝑂2]
= (𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠𝑠𝑠𝑠𝑠 + (1 − 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠) ∙ 𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠) (Eq.18) 

 ∆ �
𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟

[𝑅𝑅𝑂𝑂2]
� = (𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠 ∙ ∆𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠𝑠𝑠𝑠𝑠 + (1 − 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠) ∙ ∆𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟 𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠) (Eq.19) 
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Figure 3.3 Lower (blue) and upper (red) relative error margin of Irel/[RO2] vs. the fraction of RO2 sat.  

Figure 3.3 shows the lower and upper relative error margin of Irel/[RO2] vs. the fraction of 
RO2 sat. Due to the low overall interference caused by RO2 sat, the large error shown in Table 
3.4 only significantly increases the total uncertainty above fsat = 0.6. 

3.2.2 Model based estimate of the ambient RO2 concentration based on titration of 
RO2 by NO 

Measurement of HO2 within HORUS is achieved by chemical conversion of HO2 to OH by 
adding NO before the second detection axis (see Figure 2.4). In order to determine this 
chemical conversion efficiency within HORUS, NO titrations are periodically performed 
throughout the day. Besides HO2, RO2 is also converted by NO (see Figure 1.6) leading to 
artificial generated HO2 which can further react with NO generating OH which is detected. 
The resulting data collected from NO titrations is therefore comprised of OH formed by 
HO2 and RO2 and thus contains information about momentary RO2 interference at the time 
of measurement. Figure 3.4 exemplifies with the total internal OH (blue) and its fractions 
by HO2 (red) and RO2 (yellow). In order to retrieve the information about ambient HO2 and 
RO2 from these titrations the CAABA/MECCA box model is used.  
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Figure 3.4 Internal OH produced by HO2 and RO2 as seen during NO titrations. Total internal OH (blue) 
consists of OH produced by HO2 (red) and the sum of OH produced by all RO2 present during measurement 
(yellow) 

The model is initialized with HORUS internal conditions (see above) and estimated 
ambient RO2 concentrations (as described in 3.1) are used as starting parameter in 
CAABA/MECCA. By varying HORUS-internal HO2, RO2 sat and RO2 unsat and comparing 
the modeled titration with the measured one, a cost function is minimized utilizing the least 
square method. Figure 3.5 shows internal OH from a measured NO titration (blue), internal 
OH from CM model (red), and the fractions of internal OH from HO2 (yellow), RO2 sat 
(purple) and RO2 unsat (green). By calculating the ratio of the OH signal derived from HO2 
of the total OH signal for the NO concentration injected into HORUS during regular 
measurements (~0.7∙1013 molec/cm3), interference caused by OH from RO2 can be 
corrected (Figure 3.5, grey vertical line).  
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Figure 3.5 Example of NO titration measured with HORUS (blue), with total modeled internal OH (red), and 
modeled internal OH from HO2 (yellow), RO2 sat (purple) and RO2 unsat (green). The vertical line set to the NO 
concentration injected during normal measurements. 

In order to account for statistical variability during the measurement of NO titration, 
observation weights (w = 1/σ2) are used to estimate the quality of the individual 
measurement of each titration. Additionally, a known problem of approximations using the 
least square method is the possibility of reaching different local minima of the cost function 
depending on initially used starting parameter. To account for this possibility, Monte Carlo 
simulations for each titration are conducted. Using a random number generator, initial 
parameters for HO2, RO2 sat and RO2 unsat were varied 1000 times according to a normal 
distribution. Calculating a mean and standard deviation gives a measure of error for each 
titration. Total uncertainty is calculated by adding up both sources of error. 

 

3.3 Validation of CAABA/MECCA estimates of HORUS internal 
conditions 

To investigate the contribution of RO2 to the HO2 signal inside of HORUS, Kunkler (2021) 
performed a master thesis under the supervision and in close collaboration with this work. 
The results are the basis of this chapter. 

As shown above, it is possible to estimate RO2 interference in the HORUS instrument using 
the CAABA/MECCA box model. Though it has not been shown, that CAABA/MECCA 
can accurately describe HORUS internal conditions. Additionally, it is unknown, whether 
the separation of RO2 into RO2 sat and RO2 unsat is sufficient to describe the large variety of 
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RO2 in the atmosphere. Lab studies were performed in the scope of a master thesis 
(Kunkler, 2021). Several tests were conducted using different RO2 in order to show the 
validity of this assumption. Known concentrations of RO2 from several saturated (methane, 
propane and n-butane), unsaturated VOC (ethene, propene, but-1-ene and isoprene), and 
benzene were produced in situ. NO titrations were performed for each single RO2 with the 
HORUS setup and simulated with CM. Figure 3.6, Figure 3.7 and Figure 3.10 show 
measured and simulated NO titrations for both RO2 sat and RO2 unsat, respectively.  

Interference from RO2 sat 

 

Figure 3.6 Mixing ratio of OH generated from different RO2 sat. Shown points represent measured NO 
titrations, while dotted lines represent modeled data. Modeled data of both MA-RO2 and PA-RO2 describe 
the measured NO titrations, while measurements of BA-RO2 are underestimated by the corresponding model 
(taken from Kunkler (2021)). 

Modeled data for RO2 from propane (PA-RO2) and methane (MA-RO2) show great 
agreement with measured NO titration. Internal production of OH is very minor for these 
compounds, which indicates a small influence on RO2 interference in HORUS. Modeled 
data for RO2 from n-butane follows this trend, while measurements show higher production 
of internal OH. A possible cause for this increased internal OH are side products of the 
reaction of BA-RO2 with NO. Jungkamp, Smith, and Seinfeld (1997) reported a significant 
amount of nitrites and acetaldehyde production. Since nitrites can also be produced from 
MA-RO2 and PA-RO2, and did not cause an interference for these RO2, it is assumed, that 
no interference is caused by nitrites formed from BA-RO2. Furthermore, for acetaldehyde 
no reactions are known, which can cause an interference inside a LIF-FAGE instrument. 
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According to Jungkamp et al. (1997), the alkoxy radical formed from BA-RO2 can undergo 
a 1,5-H-shift, which can open up different reaction paths. However, it is unknown, if 
species are produced, which cause an interference in the HORUS system. Further 
investigations are needed to answer this question.  

Interference from RO2 unsat 
Modeled data for RO2 from ethene (EE-RO2) and isoprene (IE-RO2) show good agreement 
with measured data, while modeled data for RO2 from propene (PE-RO2) and but-1-ene 
(BE-RO2) underestimate measured data. For all RO2 unsat, modeled data underestimates OH 
mixing ratio for lower NO mixing ratios (between 0.1 - 0.5∙10-3). It is possible, that this 
caused by an offset of NO injected into the setup. Adding an offset of ~0.04∙10-3 leads to 
improved agreement for lower NO mixing ratios (see Appendix A, Figure A.1, Kunkler 
(2021)). However, since it is unclear, what the cause of this discrepancy for low NO mixing 
ratios is, no NO offset correction was applied in further investigations. 

The measured NO titrations for PE-RO2 and BE-RO2 both show maximum conversion of 
RO2 of over 100 % (143 % and 122 %, respectively). This indicates, that aside from 
expected conversion of RO2 to OH, other reactions have taken place, which produced 
additional HO2 or OH radicals. A possible source of additional radicals could be through 
laser generation. The photolysis of aldehydes inside the LIF-FAGE system is known to 

Figure 3.7 Mixing ratio of OH generated from different RO2 unsat. Shown points represent measured NO 
titrations, while dotted lines represent modeled data. Modeled data of PE-RO2 and BE-RO2 underestimates 
measured data, while modeled data of EE-RO2 and IE-RO2 describe measurements within error estimation 
(taken from Kunkler (2021)). 
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cause an interference (Roger Atkinson, 2000). Since the photolysis of the aldehyde and the 
excitation of the resulting OH both need a photon, an interference caused from this reaction 
shows a squared dependency of the laser power inside the White cell of the HORUS system. 
Figure 3.8 shows the normalized OH signal vs. laser power inside the White cell. Both PE-
RO2 (red) and BE-RO2 (blue) show a linear dependency on laser power within the error 
margins (2σ). Another possibility for additional OH signal is a laser repetition rate, which 
is chosen too high (3 kHz during HORUS measurements). This can cause more than one 
excitation-emission-cycle for OH radicals, leading to an increased fluorescence signal. 
Figure 3.9 shows the normalized OH signal vs. NO mixing ratios for repetition frequencies 
of 2 kHz, 3 kHz and 4 kHz. For all three frequencies similar OH signals were measured, 
indicating no increased signal through multiple excitation-emission-cycles.  

 

Figure 3.8 Normalized OH signal from PE-RO2 (red) and BE-RO2 (blue) vs. laser power inside of the White 
cell, with a NO mixing ratio of 9∙10-4. The lines show the linear fit for both RO2 (solid line) and the 95 % 
confidence interval (dashed lines) (taken from Kunkler (2021)). 

For EE-RO2 and IE-RO2, the model was able to describe the measured data within the 
margin of error. For BE-RO2 and PE-RO2 the model underestimated the measured results, 
with a yield of >100 % for both species. This indicates additional radical sources through 
reactions inside of HORUS, which are not considered. 
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Figure 3.9 Normalized OH signal for PE-RO2 vs. NO mixing ratio for different laser repetition rates (2000, 
3000, 4000 Hz). The OH signal with 4k Hz repetition rate is slightly higher than with lower repetition rate, 
indicating multiple excitations of OH (taken from Kunkler (2021)). 

Interference from RO2 originating from benzene 
Additionally, HO2 interference from OH-initiated oxidation products of benzene were 
investigated. As described in 1.4.1, oxidation of benzene by OH can yield peroxy radicals 
as well as phenol, which produces HO2 (see Figure 1.5). The produced HO2 cannot be 
separated from the sample air. The measured OH is thusly a sum of OH produced from RO2 
and phenol. For the model calculations, it was assumed that only phenol (~53 %) and a 
bicyclic RO2 (~47 %) were produced as reported by Xu et al. (2020). Figure 3.10 shows 
modelled and measured OH mixing ratios vs NO mixing ratio. Measured HO2-generated 
OH is shown as blue x with 1σ error bars. OH, generated from RO2 is shown as the green 
line, while OH from phenol production is shown as the yellow line. The sum of both is 
shown as the red line. According to the model calculation, at high NO mixing ratios the 
yield of generated OH reaches almost unity. The measured OH mixing ratios were ~28±7 % 
lower than the model results, indicating radical loss reactions. The reaction of RO2 with 
HO2 can produce bicyclic alcohols, epoxides and peroxides (Birdsall & Elrod, 2011). 
However, Xu et al. (2020) reported a ~47 % yield of the bicyclic alkoxy radical 6, due to 
the almost quantitative conversion of the bicyclic RO2 4 to 6.  
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Figure 3.10 Mixing ratio of OH generated from the oxidation of benzene vs. NO mixing ratio. The shown 
points represent measured NO titrations, with 2σ error margin. The dotted lines show modeled data, with OH 
from the bicyclic RO2 bBZ-RO2 (green), OH from phenol (yellow) and the sum of both (red). 

Other loss reactions include RO2 self and cross reactions. However, a lower radical loss 
through these reactions is expected, since reaction rates of self and cross reactions of 
secondary and tertiary RO2 are generally slower (Jenkin & Hayman, 1995) and the HO2 
mixing ratio during the measurement was higher than those of RO2. Other loss reactions 
are the reaction of 4 or 6 with NO, both of which are reported to be insignificant as radical 
loss reactions. Since the unimolecular decomposition of 6 is pressure independent, while 
the reaction of 6 is a 3rd order reaction, the reaction rate of the unimolecular decomposition 
is expected to be 3-5 orders of magnitude faster than reaction of 6 with NO (Birdsall & 
Elrod, 2011; Jenkin & Hayman, 1995; Xu et al., 2020). Similarly, Xu et al. (2020) reported 
a radical loss for the reaction of 4 with NO of <0.1 %. Therefore, the known reaction 
pathways of the OH-initiated oxidation products of benzene cannot sufficiently explain the 
observed radical loss. It is suspected that long lived oxidation products may occur, which 
do not have sufficient time to form radical under the conditions inside the HORUS 
instrument. 
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Figure 3.11 Schematic overview of the reaction pathway of bicyclic peroxy radical of benzene 4. Produced 
HO2 is shown in green, while HO2, which is used up is shown in red (Taken from Kunkler (2021)). 

Implications on RO2 interference correction using CAABA/MECCA 
The RO2 interference of several RO2 sat, and RO2 unsat, as well as the RO2 from benzene 
oxidation was investigated inside HORUS and compared to CAABA/MECCA model 
calculations. The interference caused by RO2 from methane and propane was described by 
the model within the error margin. The model did underestimate the interference from 
BA-RO2, which could not be explained with known products from the OH-initiated 
oxidation of butane. It is possible, that a 1,5-H-shift of the alkoxy radical of BA-RO2 lead 
to reactions, which can produce OH. Further investigations are needed. 

The interference caused by RO2 unsat was investigated for the RO2 of ethene, propene, but-
1-ene and isoprene. Model calculations of interference caused by EE-RO2 and IE-RO2 were 
able to describe measured interference within the error margin. The model underestimated 
the interference caused by BE-RO2 and PE-RO2. The measured radical yield of >100 % 
indicates an additional radical source. Tests, to investigate, whether the additional 
interference is caused by laser generated OH or multiple excitation-emission-cycles, did 
not show positive results. This indicates, that during the test additional radical sources occur 
for these RO2 within the HORUS system. 
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The interference caused by RO2 from benzene was caused by HO2 from the formation of 
phenol and from the RO2 branch of the oxidation mechanism (see Figure 1.5 and Figure 
3.11). The model calculation overestimated the total amount of OH produced through these 
reactions by ~28±7 %. The known radical loss reaction within the oxidation mechanism 
were not sufficient to explain the lower measured radical yield and it is therefore assumed, 
that some long-lived oxidation products occur. These long-lived products may not have 
enough time to produce radicals within the time frame of the injection of NO and the point 
of measurement. 

The tests employed in this chapter showed that CAABA/MECCA calculations are able to 
describe RO2 interference from certain RO2 of the saturated and unsaturated groups within 
the margin of error. Some RO2 showed discrepancies between the model and measurement, 
which are not explained by the known oxidation mechanisms. It is likely that the method 
of RO2 production used for the tests, caused some of the discrepancies, since it was not 
possible to separate the produced RO2 from reactants and possible side products. Due to 
the extensive OH-initiated oxidation mechanism of benzene, the RO2 interference caused 
by benzene RO2 cannot be sufficiently described and needs further investigation. 

Additionally, it is unclear, whether these studies can describe more complex RO2, e.g. from 
terpenes, or higher oxygenated RO2 using the simple separation into RO2 sat and RO2 unsat. 
Further studies are needed to investigate these groups of RO2. 

3.4 Summary 

The knowledge of ambient RO2 concentrations is important for LIF-FAGE measurements, 
as they cause an artificially increased HO2 signal inside the instrument. Two methods to 
estimate RO2 concentrations were reported. Using the NO/NO2 photo stationary state 
assumption (Leighton, 1961), a sum of HO2 and RO2 can be calculated. The second method 
uses ambient HO2 concentrations and OH reactivity. It is assumed, that the production of 
HO2 and RO2 during daytime is predominantly from the reaction of OH with VOC and CO, 
respectively. Additionally, by assuming that major loss for HO2 and RO2 are similar, the 
RO2 concentration can be calculated by the HO2 concentrations scaled by their respective 
production rates. This method allows the calculation of the RO2 concentrations to be based 
on the measurements of HO2, CO and VOC. 

In order to correct for RO2 interference, the efficiency of the conversion of RO2 into OH 
inside the HORUS instrument was investigated. Two methods were employed. Firstly, a 
cost-effective estimate based on internal temperature and pressure was used by 
parameterizing temperature and pressure dependency of the conversion of RO2 sat and 
RO2 unsat. Secondly, a model-based approach was used to estimate ambient RO2 
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concentrations using titration of RO2 by NO. By minimizing a cost function using the least 
squared method, it has been shown, that ambient concentrations of HO2 and RO2 can be 
extracted. 

In order to validate the assumptions concerning the approach to correct RO2 interference in 
HORUS, lab studies were conducted in the master thesis of Kunkler (2021). Several 
different RO2 were produced in situ and used to perform NO titrations. CAABA/MECCA 
model calculations were done and compared with the measured NO titrations. It was shown 
that certain RO2 of saturated and unsaturated origin are able to be described by the model 
with the margin of error. However, the model underestimated the interference caused by 
the RO2 of butane, but-1-ene and pent-1-ene. It is unknown from which sources the 
additional radical originated, since known reaction pathways are not sufficient to explain 
the discrepancy. Additionally, the interference of the RO2 of benzene was overestimated 
by the model. It is suspected that the short reaction time inside the HORUS system leads to 
long lived products of the oxidation not being able to produce radicals.  

Furthermore, it is unclear, whether the separation used here is sufficient to describe more 
complex or higher oxygenated RO2. Further studies are needed. 
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4 AQABA field campaign 

Throughout the last century, the region around the Arabian Peninsula has seen strong 
economic development due to its rich oil and gas reserves. Extraction, industrialization and 
urbanization caused the Middle East to become a global hot spot for air pollution. 
Additionally, the region has exceptional environmental and meteorological conditions, 
with extensive deserts, intense solar radiation and high temperatures. Nonetheless, 
observational data is sparse and the Arabian Basin receives little attention, e.g. in report of 
the Intergovernmental Panel on Climate Change (IPCC). 

The AQABA (Air Quality and Climate Change in the Arabian Basin) field campaign was 
a comprehensive ship borne experiment conducted in summer of 2017. A dataset including 
measurements of the oxidants OH and HO2; trace gases such as O3, CO, NO, NO2, H2O2, 
HCHO, HONO; a range of VOCs and their oxidation products; aerosol size distribution, 
photolysis frequencies; and meteorological properties. From June to September 2017, the 
research and survey vessel Kommandor Iona (Hays Ships Ltd.) sailed from Toulon (France) 
to Kuwait and back (Figure 4.1), covering the Mediterranean Sea, Red Sea, Arabian Sea, 
and Arabian Gulf.  

 

Figure 4.1 Map of the track covered by the AQABA field campaign in 2017. Starting in Toulon, France, 
measurements were taken through the Mediterranean Sea, Suez Canal, Red Sea, Arabian Sea and Arabian 
Gulf. 
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The general objective of the AQABA 2017 campaign was to comprehensively characterize 
the atmospheric physics and chemistry in the regions surrounding the Arabian Peninsula, 
as well as the Mediterranean Sea. 

In order to measure OH and HO2, the ground-based HydrOxyl Radical Measurement Unit 
based on fluorescence Spectroscopy (HORUS) by the Max Planck Institute for Chemistry 
(Mainz, Germany) was deployed during the AQABA campaign. 

4.1 Instrumentation 

 

Figure 4.2 Kommandor Iona (Hays Ships Ltd.) (left) and CAD drawing of Main Deck and Forecastle Deck 
(right). The HOx inlet was located on the forecastle deck (a). A 6 m high common inlet was used for 
measurements of NOx, O3, HCHO, H2O2, ROOH, SO2, CO, VOC, OVOC and OH reactivity (b). For 
measurements of aerosol particles, a silica gel aerosol dryer was installed approx. 12 m above sea level (c) 
(Celik et al., 2020). 

During the intensive measurement period of AQABA 2017 campaign, a broad set of 
instrumentation were installed on the research and survey vessel Kommandor Iona (Hays 
Ships Ltd.). Three positions were chosen to set up the inlets of instruments measuring trace 
gases, as well as photolysis frequencies. OH, and HO2 were measured on the Forecastle 
Deck (a, see Figure 4.2) to reduce the impact of obstructions of the ship. A 6 m high 
cylindrical stainless-steel common inlet was installed for the measurements of O3, NOx, 
CO, H2O2, ROOH, HONO, VOC, OVOC, HCHO, and OH reactivity (b). A silica gel 
aerosol dryer was installed for sampling aerosol measurements (c). A brief summary of 
instrumentation, with time resolution, uncertainties and limits of detection are given in 
Table 4.1. 

 

4.2 Regional characteristics 

In order to simplify comparison between the many different environmental conditions 
sampled during AQABA, eight distinct regions along the ship’s track were identified 
(Figure 4.3); the Mediterranean Sea, Suez Canal and Gulf of Suez, northern Red Sea, 

a c b 



4 AQABA field campaign 

45 

southern Red Sea, Gulf of Aden, Arabian Sea, Gulf of Oman, and Arabian Gulf. The 
Arabian Gulf is well known for its extensive oil and gas industry as well as intensive ship 
traffic. High emissions of VOC, NOx and CO are expected. Additionally, high 
photochemistry is expected due to intense solar radiation. Similar conditions, but to a lesser 
extent, are expected for the Gulf of Oman. The Arabian Sea is a comparably pristine 
environment, with low levels of NOx, O3 and VOC. Ship traffic in the Gulf of Aden is 
denser as it is funneled in and out of the Arabian Sea. Additionally, air masses from east of 
the horn of Africa are expected to bring aged biogenic and anthropogenic emissions. The 
Red Sea is separated in the southern and northern section, with extensive oil and gas 
extraction in both parts. Additionally, northern Red Sea is influenced strongly by the 
metropolitan areas along the northern Nile river. In both regions, high particle number 
concentrations are expected due to the surrounding Sahara and Arabian Deserts. The 
narrow Suez Canal can be characterized by its high density of ship traffic and strong 
influence from the Cairo metropolitan area. The Mediterranean Sea is mostly influenced 
by aged air from the European mainland. 

 

Figure 4.3 Ship track of the Kommandor Iona during AQABA (black). The cruise was separated into eight 
distinct regions. 

4.2.1 Back-trajectories during AQABA 
Back-trajectories of air parcels encountered along the ship track have been calculated using 
Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT). The general 
origin of air masses of leg 1 and leg 2 of the AQABA field campaign are shown in Figure 
4.4 and Figure 4.5, respectively. 
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Figure 4.4 HYSPLIT back-trajectories of leg 1 of the Gulf of Aden, the Arabian Sea, and the Gulf of Oman 
(a), and the Arabian Gulf (b). The black line shows the ship track. The color of the trajectories shows the age 
of the air mass in hrs (D. Walter, personal communication, 23. Nov.2017). 

 

 

Figure 4.5 HYSPLIT back-trajectories of leg 2 of the AQABA campaign. The Arabian Gulf, the Gulf of 
Oman, the Arabian Sea, and the Gulf of Aden are shown in panel (a). The Red Sea is shown in panel (b). The 
Suez Canal is shown in panel (c), and the Mediterranean Sea is shown in panel (d). The black line shows the 
ship track. The color of the trajectories shows the age of the air mass in hrs (D. Walter, personal 
communication, 23. Nov.2017). 

(a) (b) 

(a) (b) 

(c) (d) 
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4.3 Observations  

4.3.1 NOx and O3 
Since NOx and O3 are closely related with each other through NOx/O3 PSS (see 3.1.1), 
observations are shown together for both legs (Figure 4.6 a & b). A summary of median 
and respective quantiles for NOx and O3 during the AQABA campaign is shown in Table 
4.2. Tadic et al. (2020) reported NOx mixing ratios during AQABA range from less than 
50 pptv in the pristine regions of the Arabian Sea to more than 10 ppbv in regions of high 
anthropogenic pollution. High NOx medians were observed in the northern Red Sea 
(1.76 ppbv), the Gulf of Oman (2.74 ppbv) and the Arabian Gulf (1.26 ppbv). The air 
masses observed in these regions bring fresh pollution from nearby metropolitan areas. In 
combination with local point sources (e.g. oil rigs), NOx levels are increased. The southern 
Red Sea, Mediterranean Sea and Arabian Sea showed median NOx mixing ratios of 0.46, 
0.25 and 0.19 ppbv, respectively.  

 

Figure 4.6 Ship cruises with color-scaled NOx mixing ratios (logarithmic scale) during (a) the first and (b) 
the second leg, and color-scaled O3 mixing ratios (linear scale) during (c) the first and (d) the second leg. 
Note that both NOx and O3 have been filtered for contamination from the ship’s stack. (taken from Tadic et 
al. (2020)) 
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Figure 4.6 c & d show O3 mixing ratios for both legs with a range between 20 to 170 ppbv, 
reported by Tadic et al. (2020). The lowest median O3 mixing ratios were observed in the 
Arabian Sea (21.5 ppbv), which is the only region representing the remote MBL. Low 
median O3 mixing ratios were also observed in the Gulf of Oman (31.5 ppbv), which in 
combination with NOx mixing ratios suggest O3 destruction by fresh NO emissions. In the 
Arabian Gulf, O3 events of up to 170 ppbv were observed with a median of 62.5 ppbv. O3 
mixing ratios in the Mediterranean Sea, southern and northern Red Sea are 61.5, 64.2 and 
46.9 ppbv, respectively. The air masses observed over the Mediterranean Sea was 
characterized as photochemically aged due to the northerly winds, which bring oxidized air 
masses from Turkey, Greece and the Balkans (Pfannerstill et al., 2019). This led to low 
variability in the O3 mixing ratio in this region. Contrary, large amounts of pollution sources 
in the Arabian Gulf caused high variability in the measurements. 

Table 4.2 Overview of measured NOx (top panel) and O3 (bottom panel) median mixing ratios in ppbv 
including 1st and 3rd quantile (taken from Tadic et al. (2020). 

NOx Mediterranean 
Sea 

Northern 
Red Sea 

Southern 
Red Sea 

Arabian 
Sea 

Gulf of 
Oman 

Arabian 
Gulf 

1st quantile 0.12 0.68 0.18 0.10 1.03 0.52 
median 0.25 1.76 0.46 0.19 2.74 1.26 
3rd quantile 0.96 5.68 1.60 0.54 5.92 3.47 
       

O3 Mediterranean 
Sea 

Northern 
Red Sea 

Southern 
Red Sea 

Arabian 
Sea 

Gulf of 
Oman 

Arabian 
Gulf 

1st quantile 57.05 53.51 40.68 17.45 26.7 53.1 
median 61.54 64.16 46.93 22.52 31.5 62.5 
3rd quantile 66.48 75.51 60.28 26.19 38.0 90.4 

 

4.3.2 HCHO, H2O2 and ROOH 
Measurements of HCHO, H2O2 and ROOH were reported by Dienhart et al. (2022). A 
summary of median and respective quantiles for HCHO, H2O2 and ROOH during the 
AQABA campaign is shown in Table 4.3. Highest HCHO mixing ratios (Figure 4.7 a & b) 
were observed in the Arabian Gulf (12.6 ppbv) from air masses originating from Iraq and 
Kuwait, indicating fresh emissions from local sources. The lowest median mixing ratios 
were observed in the southern Red Sea (0.37 ppbv) from unpolluted air masses originating 
in Eritrea. Low mixing ratios were also found the Arabian Sea (0.86 ppbv) and the 
Mediterranean Sea (0.77 ppbv), indicating aged age masses with only minor fresh 
emissions from anthropogenic or biogenic sources. The highest median mixing ratios were 
reported for the Arabian Gulf (3.1 ppbv), the Suez Canal (1.5 ppbv) and the Gulf of 
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Oman (1.2 ppbv), which showed high levels of VOCs (Bourtsoukidis et al., 2019) and OH 
reactivity (Pfannerstill et al., 2019) while the lowest were observed in the southern Red 
Sea, Mediterranean Sea and Arabian Sea with 0.37, 0.77 and 0.86 ppbv, respectively.  

Figure 4.7 c & d shows H2O2 mixing ratios for both leg 1 and 2. Compared to HCHO, lower 
variability in mixing ratios were observed for H2O2. Lowest median mixing ratio with 
0.13 ppbv for the Gulf of Oman, while highest were found in the Mediterranean Sea 
(0.26 ppbv), the Suez Canal (0.25 ppbv) and southern Red Sea (0.25 ppbv). High H2O2 
mixing ratios are generally associated with high HO2 mixing ratios, since the reaction of 
HO2 with itself is the major production channel for H2O2. 

 

Figure 4.7 Overview and data coverage of HCHO, H2O2 and organic hydroperoxide measurements during 
both legs of the AQABA ship campaign (graphs on the left represent the first leg). Contaminated HCHO data 
(e.g. by ship exhausts) was removed from the dataset with a stack filter, therefore there is less HCHO data 
coverage during the first leg in the Arabian Sea. (taken from Dienhart et al. (2022)) 

Organic peroxides (ROOH) are shown in Figure 4.7 e & f. Overall variability is higher than 
H2O2 variability. The highest mixing ratio was observed during the first leg in the Arabian 
Gulf (2.26 ppbv). Highest median mixing ratios were observed in the Arabian Gulf 

(a) (b) 

(c) (d) 

(e) (f) 
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(0.23 ppbv). High VOC concentrations and strong solar radiation are likely to cause high 
levels of RO2, which, in turn, result in high ROOH mixing ratios in this region. Lowest 
median mixing ratios were measured in the Arabian Sea (0.057 ppbv) and the Gulf of Oman 
(0.07 ppbv). Methyl hydroperoxide (MHP), peracetic acid (PAA) and ethyl hydroperoxide 
(EHP) were identified as the major contributors to organic peroxides. In the Arabian Gulf, 
significantly increased levels of EHP were detected. 

Table 4.3 Overview of measured HCHO (top panel), H2O2 (middle panel) and ROOH (bottom panel) median 
mixing ratios in ppbv including 1st and 3rd quantile (taken from Dienhart et al. (2022)). 

HCHO Mediterranean 
Sea 

Suez 
Canal 

Northern 
Red Sea 

Southern 
Red Sea 

Arabian 
Sea 

Gulf 
of 
Oman 

Arabian 
Gulf 

1st 
quantile 

0.60 0.9 0.52 0.23 0.63 0.90 2.4 

median 0.77 1.5 0.76 0.37 0.86 1.22 3.1 
3rd 
quantile 

0.99 2.9 1.26 0.57 1.05 2.33 4.5 

        

H2O2 Mediterranean 
Sea 

Suez 
Canal 

Northern 
Red Sea 

Southern 
Red Sea 

Arabian 
Sea 

Gulf 
of 
Oman 

Arabian 
Gulf 

1st 
quantile 

0.20 0.19 0.14 0.18 0.12 0.08 0.17 

median 0.26 0.25 0.19 0.25 0.15 0.13 0.21 
3rd 
quantile 

0.33 0.35 0.25 0.32 0.19 0.19 0.33 

        

ROOH Mediterranean 
Sea 

Suez 
Canal 

Northern 
Red Sea 

Southern 
Red Sea 

Arabian 
Sea 

Gulf 
of 
Oman 

Arabian 
Gulf 

1st 
quantile 

0.16 0.20 0.15 0.12 0.046 0.048 0.18 

median 0.22 0.26 0.21 0.17 0.057 0.070 0.23 
3rd 
quantile 

0.27 0.33 0.28 0.23 0.084 0.097 0.43 
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4.3.3 Methane 
Figure 4.8 shows methane mixing ratios from the first (a) and second leg (b), reported by 
Paris et al. (2021). Highest median mixing ratios were observed in the Arabian Gulf 
(1926 ppbv, 75% quantile: 1941 ppbv) and during the second leg in the Mediterranean Sea 
(1926 ppbv, 1937 ppbv). Median mixing ratios in the Mediterranean Sea during the first 
leg were significantly lower (1881 ppbv, 1884 ppbv). Lowest median methane mixing 
ratios were reported in the Arabian Sea (1813 ppbv, 1831 ppbv) and Gulf of Oman 
(1831 ppbv, 1853 ppbv).  

 

Figure 4.8 Overview of ship cruises with color-scaled mixing ratios of methane during the first (a) and the 
second leg (b). The data was filtered for contamination of the ship’s own exhaust. 

4.3.4 HONO 
Measurements of HONO were conducted using a Long-Path-Absorption-Photometer. Data 
coverage and mixing ratios are shown in Figure 4.9. High mixing ratios were found in 
regions with high density of ship traffic, e.g. Suez Canal and near harbors. Highest median 
mixing ratios were observed during the first leg in the Suez Canal (0.38 ppbv, 75% quartile: 
0.44 ppbv) and the Southern Red Sea (0.41 ppbv, 2.51 ppbv), while lowest mixing ratios 
were measured during the second leg in the Arabian Sea (0.005 ppbv, 0.019 ppbv) and Gulf 
of Aden (0.07 ppbv, 0.13 ppbv), which were both influenced by air masses originating in 
the Indian Ocean south of the Horn of Africa.  

(a) 

 

 

(b) 
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Figure 4.9 Overview of HONO data measured during AQABA. Color-scaling indicates the mixing ratio for 
the first (a) and second leg (b). 

 

4.3.5 VOC / OVOC 
Non-methane hydro carbons (NMHC) were reported by Bourtsoukidis et al. (2019). Figure 
4.10 shows box plots of selected NMHC during the AQABA campaign. Overall lowest 
mixing ratios were found in the Arabian Sea, where the majority of NMHC were close to 
the limit of detection. Despite these clean conditions, ethene mixing ratios were elevated 
(0.09 ppbv), with a maximum of 0.24 ppbv. Since ethene is a highly reactive trace gas with 
relatively low lifetime, high mixing ratios indicate a local source. Similar conditions were 
observed in the Mediterranean Sea, with average values being slightly higher than in the 
Arabian Sea. High mixing ratios were found in the Suez Canal, due to intensive ship traffic 
and proximity to populated areas. The most abundant alkanes were n-butane (3 ppbv), 
ethane (2.64 ppbv) and i-butane (1.39 ppbv), while ethene (0.81 ppbv) dominated alkenes. 
The northern and southern part of the Red Sea showed very different NMHC mixing ratios. 
The northern Red Sea showed a strong influence from air coming from highly populated 
and industrialized north-eastern part of Africa (Egypt, Libya), causing NMHC mixing 
ratios to be higher than in the southern Red Sea. Both alkanes and alkenes were dominated 
by species of shorter chain length. In the southern Red Sea, air masses originating from 
central Africa led to lower overall mixing ratios, the southern part was mostly influenced 
by air coming from central Africa. This caused NMHC in the southern part of the Red Sea 
to be significantly lower than in the northern part. NMHC in the Arabian Gulf were on 
average higher, due to high ship traffic and petrochemical industries. C2-C5 alkanes and 
alkenes showed high values as well as high variability, which is attributed to the diverse 
influence of strong local petrochemical sources.  

(a) 

 

 

(b) 
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Figure 4.10 Volume mixing ratios of selected NMHC species over the eight regions. For each box, the central 
red line indicates the median mixing ratio for both campaign legs. The bottom and top edges of the box 
indicate the 25th (q1) and 75th (q3) percentiles respectively. The boxplot draws points as outliers if they are 
greater than q3+w×(q3–q1) or less than q1–w×(q3–q1). The whiskers correspond to ±2.7 σ and 99.3 % 
coverage if the data are normally distributed. The ship track of the first leg is shown in the map with the green 
line, the second leg with the red line. (Taken from Bourtsoukidis et al. (2019)) 
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Figure 4.11 Mixing ratios of selected oxygenated VOC (OVOC) over the eight regions during the AQABA 
campaign. The top and bottom edges of each box indicate the 25th and 75th percentiles, respectively. The red 
line indicates the median for each box. The whiskers correspond to ±2.7 σ and 99.3 % coverage if the data is 
normally distributed. The ships track is shown in the middle panel. 

Figure 4.11 shows box plots of selected OVOC for the regions during AQABA. Similar to 
NMHC, lowest median values of OVOC were observed in the Arabian Sea, with the 
exception of DMS (0.24 ppbv). This increase to the highest levels during the campaign 
indicates large amounts of phytoplankton, which can emit large amounts of DMS. In the 
Gulf of Oman and Gulf of Aden slightly higher mixing ratios for most OVOC were 
observed. Compared to the Arabian Sea, both gulf regions show higher acetone levels (Gulf 
of Oman, 0.87 ppbv, Gulf of Aden, 0.69 ppbv). Highest overall OVOC mixing ratios were 
found in the Arabian Gulf, with very high values for acetone (2.8 ppbv), acetaldehyde 
(0.81 ppbv) and methanol (0.77 ppbv). N. Wang et al. (2020) reported a good correlation 
between C2-C7 carbonyls during daytime, indicating ozone and carbonyls were co-
produced via photochemical oxidation. The northern Red Sea, Suez Canal and 
Mediterranean Sea showed very similar mixing ratios of OVOC. Methanol and acetone 
show similar levels throughout the northern Red Sea, Suez Canal and Mediterranean Sea 
(~1 ppbv and ~2 ppbv, respectively), while decreasing mixing ratios were observed for 
acetaldehyde, MEK and MVK/MACR. Ketones can be released as a product of fuel 
combustion and the high concentrations in the Suez Canal are likely caused by the dense 
ship traffic in the narrow channel (Huang et al., 2018). 

Gulf of Aden 

Mediterranean Sea 
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4.3.6 OH reactivity 
OH reactivity was reported by Pfannerstill et al. (2019) and is shown in Figure 4.12. The 
range of OH reactivity during the AQABA campaign was from <5.4 s-1 (below detection 
limit) over the Arabian Sea up to 303.6 s-1 during fueling in Fujairah (UAE). As expected, 
regions with strong pollution like the Arabian Gulf and the Suez Canal had high median 
OH reactivity of 11.2 s-1 (75% quantile: 15.2 s-1, Arabian Gulf) and 10.8 s-1 (18.8 s-1, Suez 
Canal), respectively. The largest share in OH reactivity over the Arabian Gulf can be 
attributed to OVOC (35 %), followed by alkanes and alkenes (both 9 %). In the narrow 
Suez Canal, a strong influence of ship emissions can be seen by the large share of NOx 
(10 %) in OH reactivity. OH reactivity in the northern Red Sea (median: 8.5 s-1, 75% 
quantile: 15.0 s-1), southern Red Sea (7.9 s-1, 10.9 s-1), Gulf of Aden (8.0 s-1, 10.1 s-1) and 
Gulf of Oman (8.4 s-1, 10.5 s-1) were in a similar range and are mostly attributed to 
emissions from ship traffic. Again, OVOC have the largest share of OH reactivity 
(12 – 21 %) followed by NOx and alkenes (both 4 – 9 %) and inorganics (mostly SO2 and 
CO) (4 – 6 %). Less reactive air was observed over the open seas of the Mediterranean 
(6.8 s-1, 7.8 s-1) and Arabian Sea (4.9 s-1, 6.5 s-1). Measurements over the Arabian Sea were 
often below the detection limit of 5.4 s-1. OVOC were the largest contributors to OH 
reactivity with 11 – 12 %. Over the Mediterranean Sea, shipping emissions had a bigger 
influence compared to the Arabian Sea, evident from NOx contribution of ~4 % in the 
Mediterranean and ~1 % in the Arabian Sea. In all regions, large fractions of OH reactivity 
(between 27±55 % in the Arabian Gulf, and 72±57 % in the Arabian Sea) could not be 
attributed to any trace gas. 
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Figure 4.12 Overview of total OH reactivity around the Arabian Peninsula during the AQABA campaign. 
OH reactivity during (a) leg 1 (5–31 July 2017) and (b) leg 2 (3–31 August 2017). The maximum in the color 
scales is set to 20 s-1 for better visibility of differences, although there are a few data points above this value. 
Arrows depict general wind directions for the respective regions. (c) Total OH reactivity medians by region, 
and pie charts showing the contribution of compound classes for data points where speciated OH reactivity ≥ 
LOD (exception: pie charts of Mediterranean and Arabian seas show the average of all data points, due to the 
low number of points above LOD). (d) Average OH reactivity and speciation by region for all data points, 
including those where speciated OH reactivity was below the LOD. Error bars show the total uncertainty of 
the measurement. (e) Average mixing ratio of VOCs = trace gases in parts per billion by compound class and 
region (except for the class of inorganic compounds other than NOx). Port calls and bunkering are excluded 
from all averages. (Taken from Pfannerstill et al. (2019)) 
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4.4 OH and HO2
* 

4.4.1 Calibration 
Determination of actinic flux density 
In order to calibrate the HORUS system, it is necessary to know the actinic flux of the 
mercury vapor lamp used in the calibration, to calculate the OH and HO2 concentration 
produced by the lamp. For this, the actinic flux measurement for the lamp used during 
AQABA was done according to 2.4.2. 

 

Figure 4.13 Actinic flux density of the pen ray lamp used in the calibration of the HORUS instrument. Error 
bars indicate the propagated statistical variability of the calculated flux density.  

The resulting actinic flux density is shown in Figure 4.13. The measured actinic flux density 
was calculated to be Φ0 = (1.98±0.01) ∙ 1013 cm-2s-1. The systematic error was calculated to 
be ~16.1 %. All contributing components are summarized in Table 4.4. 
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Table 4.4 Systematic uncertainties during actinometric measurement 

Parameter Uncertainty 
NO Monitor (TEI) 7 % 
NO standard (NIST) 1 % 
Mass Flow Controller 2 % 
Absorption cross section σH2O 2 % 

Quantum yield 1 % 
Kinetic rate coefficients 12 % 
Dimensions of reaction chamber 3 % 
Pressure sensor 2 % 
Variability of measured terms 5 % 
Overall uncertainty 16.1 % 
  

 

Calibration of the HORUS system 
As an indirect measurement method, LIF-FAGE requires determination of instrument 
sensitivity. To ensure possible instability of the MCP detectors over a period of time as 
well as other factors impacting the sensitivity (e.g. wall losses, alignment of the White cell, 
etc.)  regular calibrations of the HORUS system was done during AQABA, as described in 
2.4.2. The sensitivity during AQABA vs. time is shown in Figure 4.14. cOH (blue) is the 
sensitivity of the OH detector towards OH. cHO2 (red) is the sensitivity of the HO2 detector 

towards HO2, and cOH(HO2) (yellow) is the sensitivity of the HO2 detector towards OH. 

cOH(HO2) is used to correct the signal of the HO2 detector for any remaining OH measured 

in the sample air. Calibrations were done after sun down to ensure maximum data coverage 
during daytime, as well as to avoid discontinuity of the data, due to an updated sensitivity 
factor. 
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Figure 4.14 Sensitivity over time during AQABA. Two detectors were used during the campaign. cOH (blue) 
is the sensitivity of the OH detector. cHO2 (red) is the sensitivity of the HO2 detector towards HO2, and cOH(HO2) 
(yellow) is the sensitivity of the HO2 detector towards OH. cOH(HO2) is necessary to correct for remaining 
atmospheric OH detected by the HO2 detector. 
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4.4.2 Measurements of OH and HO2* 

 

Figure 4.15 Overview of OH and HO2
* measurements during AQABA 2017 campaign. Data shown is only 

during daytime and was filtered for the ship’s own stack emissions. The top panel shows OH mixing ratio, 
the bottom panel shows HO2 mixing ratio. Gray data shows 15 sec resolution and colored data shows 20 min 
averages (blue and red). Vertical lines separate the different regions during AQABA. 

OH and HO2 measurements are shown in Figure 4.15. The data shown is only during 
daytime (J(O1D) > 5∙10-6 s-1) and filtered for the ship’s own emissions. The top panel shows 
OH mixing ratios in 15 s resolution (gray) and 20 min averages (blue). The bottom panel 
shows HO2 measurements not corrected for possible interference by RO2 (further called 
HO2

*). Similar to OH, HO2
* is shown in 15 s resolution (gray) and 20 min averages (red). 

The typical diurnal cycle can be found for most days for both OH and HO2
*, with low 

mixing ratios in the morning followed by a strong increase to a maximum during midday 
and a decrease in the afternoon to typical low levels in the evening/night. If not further 
specified, OH and HO2

* mixing ratios discussed here represent the levels during noon. 

Both OH and HO2
* show low levels over the Gulf of Oman and Arabian Gulf during leg 1 

(median: 0.08 pptv, 75% quantile: 0.14 pptv & 11.7 pptv, 14.6 pptv, respectively) in 
comparison to the remaining timeseries. During leg 2, OH increased from similar levels as 
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during leg 1 up to 0.40 pptv (75% quantile: 0.45 pptv). HO2
* did not follow this trend with 

levels staying between ~20 pptv – 25 pptv. Over the Arabian Sea, mixing ratios of OH and 
HO2 decreased, mainly caused by low NOx and O3, as well as the overall clean air indicated 
by low VOC concentration measured by the PTR-MS and GC. While OH gradually 
decreased from its high over the Gulf of Oman to a low close to the limit of detection 
(~0.1 pptv), HO2

* stayed between ~ 13 – 15 pptv. OH levels over the Gulf of Aden were 
close to the limit of detection (~0.1 pptv), while HO2

* levels were <10 pptv. Entering the 
southern Red Sea through the Bab al-Mandab strait, dense shipping traffic caused high NOx 
and VOC levels, which in turn caused an increase in both OH and HO2

* to 0.52 pptv 
(0.60 pptv) and 22.9 pptv (23.4 pptv), respectively. As the strait opens in to the much wider 
Red Sea, pollution decreased and OH decreased to close to the limit of detection. HO2

* 
increased further to 33.6 pptv (34.0 pptv) and stayed at high levels above 25 pptv 
throughout the rest of the campaign. The northern Red Sea is influenced by regions with 
stronger anthropogenic emissions compared to the southern section. This was visible 
through the increase in OH mixing ratios to 0.29 pptv (0.37 pptv). As the ship approached 
the Gulf of Suez, a strong increase in NOx from dense ship traffic traversing through the 
Gulf caused HO2

* to decrease (25.4 pptv, 26.4 pptv) and OH to increase (0.57 pptv, 
0.62 pptv). With decreasing NOx, HOx returned back to levels from before the event. Over 
the Mediterranean Sea, OH stayed at similar levels as over the Suez Canal, but increased 
in the latter half to 0.61 pptv (0.65 pptv). HO2

* kept its high levels of 30.1 pptv (33.3 pptv).  
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4.5 RO2 interference characterization during AQABA 

4.5.1 Estimation of RO2 mixing ratios 

 

Figure 4.16 Calculated RO2 mixing ratios during AQABA using NOx/O3 PSS (blue) (Tadic et al., 2020) and 
OH reactivity and HO2 (red). From the calculated (HO2 + RO2) reported in Tadic et al. (2020), measured HO2 
concentrations were subtracted to obtain RO2 PSS. Vertical lines separate the different regions during AQABA. 

As mentioned above, HO2 measurements in a LIF-FAGE instrument are prone to 
interference caused by RO2. Since there are no measurements of RO2 during the AQABA 
campaign, mixing ratios are estimated using the methods described in section 3.1. Figure 
4.16 shows RO2 mixing ratios estimated using NOx/O3 photo stationary state (RO2 PSS), and 
OH reactivity and HO2 (RO2 reac). In order to derive RO2 PSS, measured HO2 was subtracted 
from ROx (HO2 + RO2) reported by Tadic et al. (2020). This subtraction lead to negative 
mixing ratios in the southern Red Sea, Suez Canal and Mediterranean Sea, due to very low 
calculated ROx mixing ratios throughout these regions. It is suspected, that ROx mixing 
ratios derived using the NOx/O3 PSS are underestimated in these regions, possibly by an 
overestimation of the NO2 offset. RO2 reac were calculated using speciated reactivity 
reported by Pfannerstill et al. (2019). As shown above, up to 72 % of total reactivity could 
not be attributed to any trace gas. The estimated RO2 concentrations are therefore only a 
lower boundary and were likely higher during the AQABA campaign. Additionally, total 
data coverage of all VOC and OVOC was limited. Therefore, the requirement for model 
calculations had been the availability of all VOC/OVOC, which contribute >90 % of 
speciated OH reactivity. This increased data coverage significantly, but exacerbate the 
underestimation of RO2 with this method. Highest mixing ratios for both methods are found 
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over the Arabian Gulf on leg 1 with 260 pptv (RO2 PSS) and (98.3±34.6 pptv) (RO2 reac). 
Lowest estimated mixing ratios for RO2 reac are in the Arabian Sea, while lowest levels for 
RO2 PSS reach negative values from the southern Red Sea on for the remainder of the 
campaign. Due to this, RO2 reac was used for further corrections of RO2 interference. Total 
uncertainty of RO2 was calculated from the individual uncertainties to be ~84 % (see Table 
4.1, ΔkCO=5 %). Total uncertainty for RO2 PSS was estimated to be 6 % (Tadic et al., 2020). 

4.5.2 Correction of RO2 interference in HO2* 

 

Figure 4.17(a) Fraction of HO2 from RO2 in HO2
* calculated using least-square method (blue) and 

parameterization method (red) during the AQABA 2017 campaign. (b) Correlation of HO2 corrected (10 min 
averages, blue dots) with both methods. Linear fit is shown as a red line. 

To correct for RO2 interference during the AQABA campaign, the methods described in 
sections 3.2.1 and 3.2.2 were applied to the measured HO2

* data. The relative RO2 
interference of HO2

* calculated with both methods is shown in the top frame of Figure 4.17. 
A correlation of correspondingly corrected HO2 is shown in the bottom frame. Throughout 
the AQABA campaign, RO2 interference was calculated to be <5 %, which is comparable 
to previous findings with the HORUS instrument (Hens, 2013) as well as the estimates by 
Fuchs et al. (2011). Estimations using the least-square method (3.2.2) yielded higher RO2 

(a) 

(b) 
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interference values compared to estimates from the parameterization method (3.2.1). 
Calculation of HO2 mixing ratios using both methods show a good correlation, with a slope 
of 1.02 and an R2 = 0.998. Since the least-square method uses NO titrations, this method 
has information regarding the RO2 composition at that time. However, this limits the 
resolution to a maximum of one every 2 h. Data coverage of the parameterization method 
is higher, since it is only affected by RO2 data coverage and additionally, this method 
accounts for fast changes in internal pressure and temperature. A combination of both 
methods was used to correct for RO2 interference during the AQABA campaign using slope 
and intercept of the correlation in Figure 4.17b. Total uncertainty for RO2 interference was 
calculated to be + 156 % / - 102 %. 

4.5.3 Corrected HO2 mixing ratios 

 

Figure 4.18 HO2 data (blue) during AQABA campaign corrected for RO2 interference. HO2
* mixing ratios 

shown in gray. Vertical lines separate the different regions during AQABA. 

HO2 mixing ratios corrected for RO2 interference are shown in Figure 4.18. The median 
interference caused by RO2 is 2.4 % (75% quantile: 2.8%), with the lowest values found in 
the Arabian Sea, Gulf of Aden and southern Red Sea (~2 %) and the highest in the Arabian 
Gulf (~5 %).  
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5 Stability of tropospheric OH concentration 

During daytime, OH has a major influence on atmospheric oxidative capacity. The 
production of OH can be separated in primary production, e.g. through the reaction of 
O(1D) with water vapor, and recycling processes (chapter 1.3.2). These recycling processes 
strongly affect the stability of tropospheric OH. Auto-catalytic conditions could lead to a 
built-up of HOx, causing instability in the system, while the absence of recycling processes 
could cause an accumulation of pollutants and reduced gases (J. Lelieveld et al., 2002). 
Therefore, the recycling probability can be interpreted as a measure for the stability of 
tropospheric OH and its oxidative capacity. This chapter gives better insight on OH primary 
and secondary production rates as well as OH recycling probability during AQABA. 

 

5.1 OH primary production 

Using the observations described in chapter 4, OH primary production rates can be 
calculated considering reactions R.40 – 41. 

 O(1D) + H2O → 2OH  (R.40) 
 HONO + hν → OH + NO  (R.41) 
 OH + NO → HONO  (R.42) 
   

Their contributions to OH primary production rates during AQABA are shown in Figure 
5.1. HONO was not measured during the Gulf of Aden and Southern Red Sea. The 
contribution of HONO photolysis to OH primary production was calculated by accounting 
for the backreaction of OH with NO (R.42), thus resulting in the net OH production rate 
from HONO photolysis. Calculated OH primary production rates during noon are in the 
range of 0.8 – 2.3 ∙ 107 molec cm-3 s-1. The reaction of O(1D) with H2O is the most 
important source of OH and shows the expected diurnal cycle. The highest contribution 
was found in the Northern Red Sea with ~99 %. The highest contribution of HONO to the 
primary production was found in the Arabian Gulf (~10 %), while lowest was found in the 
Northern Red Sea (~1 %). OH production rate from photolysis of H2O2 and MHP (methyl 
hydroperoxide) were calculated. They contributed <1 % and were thus neglected. 
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Figure 5.1 OH primary production versus time of day around the Arabian Peninsula and Mediterranean Sea 
during AQABA. Total OH primary production (blue) is comprised of OH production from O3 photolysis (red) 
and HONO photolysis (yellow). Contributions from peroxide photolysis were <1 % and thus were neglected 
in this calculation. No HONO data was measured during the Gulf of Aden and Southern Red Sea, thus OH 
production from HONO is missing. 

5.1.1 HOx primary production 
As shown above, the Arabian Gulf showed higher primary production of OH compared to 
the Mediterranean Sea, while simultaneously observed HOx concentrations were lower by 
a factor of >1.5 in the Arabian Gulf. Utilizing the primary production of OH and adding 
primary production of HO2 gives the total production of HOx PHOx. Assuming steady state, 

PHOx can be used to determine the maximum HO2 concentration at a given PHOx. Eq.25 

describes the steady state assumption. Assuming only the reaction of HO2 with itself is a 
viable radical loss reaction (R.17) allows to define a maximum HO2 concentration using 
Eq.25 at a given production of HOx PHOx (Eq.26). Additional loss reactions of HO2, e.g., 

the reaction of HO2 with RO2, will, thusly, lower the HO2 concentration at a constant PHOx. 

This relationship can give insight into the extent of additional radical loss rate in a specific 
region. Figure 5.7 shows the HO2 concentration vs. HOx production rates. Measured data 
for different regions during the AQABA campaign are shown as differently colored points. 
The yellow line defines an enveloping upper limit of the HO2 concentration if the self-
reaction is the only loss reaction (Eq.26). As expected, the measured HO2 concentrations 
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are below the enveloping curve, which is caused by other radical loss reactions. At similar 
PHOx, the Arabian Gulf shows a much lower HO2 concentration than the Mediterranean Sea. 

Even at higher PHOx, the HO2 concentration shows values far below suggested by the 

enveloping curve. These low values indicate a significant additional radical loss in the 
Arabian Gulf. High VOC concentrations and primary OH production in the Gulf region 
indicate high concentrations of RO2, leading to possible high loss rates through the reaction 
of HO2 with RO2. HYSPLIT trajectories (Figure 4.4 & Figure 4.5) showed air masses 
affecting the Arabian Gulf originating in the surrounding deserts. This could lead to high 
dust particle concentrations, and thus loss of HO2 on the surface. These losses are 
investigated in further detail in chapter 5.3.2. 

 𝑃𝑃𝐻𝐻𝑁𝑁𝑥𝑥 = [𝑂𝑂𝑂𝑂2] 𝐿𝐿𝐻𝐻𝑁𝑁2 + [𝑂𝑂𝑂𝑂]𝐿𝐿𝑁𝑁𝐻𝐻 (Eq.25) 
 

[𝑂𝑂𝑂𝑂2] = �
𝑃𝑃𝐻𝐻𝑁𝑁𝑥𝑥

𝑘𝑘𝐻𝐻𝑁𝑁2+𝐻𝐻𝑁𝑁2
 

(Eq.26) 

   

 

Figure 5.2 HO2 concentrations vs. HOx production rate. The points show measured data over different regions 
during the AQABA campaign. The yellow line shows the upper limit for HO2, if the only loss reaction is the 
reaction of HO2 with itself, neglecting other loss processes. 
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5.2 OH secondary production 

After the initial production of OH, the recycling processes (see chapter 1.3.2) play an 
important role in maintaining the radical concentration. Oxidation of pollutants leads to the 
production of peroxy radicals (HO2 and RO2), which can be recycled back to OH 
(R.43 – 44). These reactions are considered secondary production. 

 HO2 + NO → OH + NO2  (R.43) 
 HO2 +  O3 → OH + 2 O2  (R.44) 
   

 

Figure 5.3 OH secondary production versus time of day around the Arabian Peninsula and Mediterranean Sea 
during AQABA. Total OH secondary production (blue) is comprised of OH production from HO2 + NO (red) 
and HO2 + O3(yellow). Due to missing HO2 measurements, data coverage in the Gulf of Aden and Northern 
Red Sea is low. 

Contributions to OH secondary production rates are shown in Figure 5.2. Coverage of 
secondary production rates in the Gulf of Aden and Northern Red Sea regions are low, due 
to missing HO2 data. 

Secondary production rates are between ~0.2 - 5 ∙ 107 molec cm-3 s-1, with lowest levels in 
the Arabian Gulf and highest in the Mediterranean Sea. The reaction of HO2 with NO was 
the most important source of OH through recycling processes, with contributions between 
~65 – 99 % compared to total secondary production. 
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5.3 OH recycling probability 

The OH recycling probability r is calculated from the ratio of secondary sources S to the 
total OH production P+S (J. Lelieveld et al., 2002). 

 𝑟𝑟 = 𝑆𝑆
𝑆𝑆+𝑃𝑃

  (Eq.20) 
   

As shown in 5.2, the reaction of HO2 with NO is the major contributor in S. Since NO 
mixing ratios thusly contribute to both nominator and denominator in Eq.20, r can be 
parameterized as a function of NO. Figure 5.3 shows OH recycling probability as a function 
of NO mixing ratio for various measurement campaigns, including ground-based and ship-
based measurements under rural and metropolitan conditions. Since no primary production 

through photolysis of O3 or HONO occurs during nighttime, this data (JO(1D) < 5∙10-6 s-1) is 
omitted for all data sets. 

 

Figure 5.4 OH recycling probability r as a function of ambient NO mixing ratio in ppbv. Shown are 
measurement campaigns in different environments. OOMPH – marine boundary layer, ship stack plume; 
TexAQS – metropolitan, anthropogenic VOC; SOS99 – metropolitan, biogenic VOC; HOPE and PARADE 
– biogenic and anthropogenic VOC. 

The dataset measured during OOMPH (Organics over the Ocean Modifying Particles in 
both Hemispheres, red triangles) is dominated by remote marine boundary layer (MBL) in 
the southern Atlantic, which is characterized by low NOx and VOC mixing ratios. However, 
due to wind direction sometimes the stack plume of the ship affected the measurement, 
which caused high NOx conditions to be observed. The NO emissions lead to increased 
recycling of HO2 to OH and thus increasing r values close to 1. Measurements in an 
environment with high anthropogenic VOC emissions and high NOx mixing ratios (Texas 
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Air Quality Study, TexAQS, blue diamonds) show a decrease in the recycling probability. 
Depending on wind direction, the measurements were influenced by emissions from 
petrochemical industries and the Houston metropolitan area (Jingqiu Mao et al., 2010). Due 
to increased VOC emissions, at similar NO mixing ratios secondary production S is lower 
during the TexAQS compared to OOMPH. Measurements during SOS99 (Southern 
Oxidants Study, purple circles) are influenced by both biogenic emissions from 
surrounding deciduous forests and pastures, as well as anthropogenic emissions from 
nearby Nashville, Tennesee (Martinez et al., 2003) with high NOx values >100 pptv. 
Observed r values are above TexAQS and OOMPH observations at similar NO mixing 
ratios. Measurements conducted during HOPE12 (Hohenpeißenberg Photochemistry 
Experiment, green stars) and PARADE (Particles and Radicals: Diel observations of the 
impact of urban and biogenic Emissions, light blue triangles) showed a strong influence by 
biogenic emissions from the surrounding forests as well as anthropogenic emissions from 
nearby settlements. Recycling probabilities for high NOx conditions during both campaigns 
lie between SOS99 and TexAQS. For lower NO levels, r values during HOPE12 are lower 
than during OOMPH.  

With NO mixing ratios <10 pptv, r values are typically low at around 0.2. When NO levels 
increase to around 1 ppbv, r can exceed levels of 0.95. If NO levels increase even further, 
high levels of NO2 can be produced. This leads to a decrease in r due to the increasing 
relevancy of the reaction of OH + NO2 (direct OH sink, producing HNO3) (Cariolle et al., 
2008; Crawford et al., 2000; Jaeglé, Jacob, Brune, & Wennberg, 2001). 

In the case of the AQABA (yellow dots) dataset, a wide range of recycling probabilities 
were observed due to the wide range of regional conditions during the measurement, with 
values from <0.1 up to >0.9 depending on NO mixing ratio. Additionally, for similar NO 
levels, values of r can range from ~0.1 up to 0.7 between different regions during the 
campaign. For better insight, OH recycling probabilities separated by regions are shown in 
Figure 5.4. Observations over the Mediterranean Sea are in line with results from OOMPH 
and HOPE12, with r ranging from 0.2 up to >0.9 depending on NO mixing ratio. When NO 
mixing ratios are comparable, recycling probabilities in the Suez Canal/Gulf of Suez are 
slightly lower than in the Mediterranean Sea. The Arabian Sea was dominated by low NO 
mixing ratios, which in turn caused low recycling probabilities. The Arabian Sea is a remote 
region with low influence from anthropogenic emissions. Compared to the OOMPH 
dataset, NO mixing ratios in the Arabian Sea reach higher levels, while r is lower at similar 
NO. The higher NO is likely due to higher ship traffic in the region with the close by entry 
to the Red Sea and Gulf of Oman. The lower recycling probability indicate a higher primary 
production or reduced secondary production through recycling processes. Increased VOC 
concentrations could lead to lower r by offering an additional loss process through the 
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formation of organic nitrates (see chapter 1.4). High NO mixing ratios between 2 – 10 ppbv 
were observed with corresponding higher values of r. These observations were taken close 
to the Gulf of Oman, causing a high influence from increased ship traffic and overall 
anthropogenic emissions in this region. The recycling probabilities in the Gulf of Oman 
and the Arabian Gulf are significantly lower compared to the other datasets shown. 
Especially in the Arabian Gulf, the recycling probability was found to be lower by a factor 
of ~8 compared to the Mediterranean Sea and a factor of ~9 compared to the other datasets 
shown. The region showed the highest primary production rate throughout AQABA and 
low secondary production rate. The low recycling probability is an indicator for a low 
stability of tropospheric OH in the region and therefore oxidative capacity of the 
atmosphere (J. Lelieveld et al., 2002). In order to understand the conditions observed in the 
Arabian Gulf, the cause of the low secondary production is investigated further. 

 

Figure 5.5 OH recycling probability during AQABA separated for different regions. The regions of the Red 
Sea and Gulf of Aden are not shown, since data coverage for r was low or non-existent, due to missing 
HO2/HONO data. Data shown from other measurement campaigns are shown for comparison in gray in the 
background. See Figure 5.3for more information. 

 

5.3.1 Missing secondary production rate 

With observed high primary and low secondary production in the Arabian Gulf, it is vital 
to understand the loss processes that lead to the low, observed recycling probability. It is 
assumed that the low secondary production in the Arabian Gulf is caused by either a 
missing reaction contributing to secondary production, or increased ROx loss processes 
competing with recycling reactions. By taking the Mediterranean Sea as a reference, a 
‘missing’ secondary production rate α can be calculated (Eq.21 & 22). α is the rate of 
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secondary production needed in the Arabian Gulf to achieve recycling probabilities 
observed in the Mediterranean Sea. It is assumed, that α can either be recycling reactions, 
which are not accounted for in the calculation of r, or loss reactions, which are more 
important in the Arabian Gulf. In order to calculate α, the calculated recycling probabilities 
are partitioned into different NO mixing ratio bins. The bins were arbitrarily chosen to 
separate one order of magnitude into 10 bins.  

 𝑟𝑟𝑀𝑀𝑟𝑟𝑀𝑀 =
𝑆𝑆𝐴𝐴𝑟𝑟𝑠𝑠𝐴𝐴 + 𝛼𝛼

𝑆𝑆𝐴𝐴𝑟𝑟𝑠𝑠𝐴𝐴 + 𝛼𝛼 + 𝑃𝑃𝐴𝐴𝑟𝑟𝑠𝑠𝐴𝐴
 (Eq.21) 

=> 𝛼𝛼 =
𝑃𝑃𝐴𝐴𝑟𝑟𝑠𝑠𝐴𝐴 ∙ 𝑟𝑟𝑀𝑀𝑟𝑟𝑀𝑀

1 − 𝑟𝑟𝑀𝑀𝑟𝑟𝑀𝑀
− 𝑆𝑆𝐴𝐴𝑟𝑟𝑠𝑠𝐴𝐴 (Eq.22) 

   

with the recycling probability in the Mediterranean Sea rMed, the primary and secondary 
production rate in the Arabian Sea SArab and PArab, and missing secondary production α. 

Figure 5.5 shows α vs NO mixing ratio in ppbv (top panel). With increasing NO, α increases 
from ~0.7 up to 4.0∙107 molec cm-3 s-1, indicating an influence of NO levels on the loss 
processes leading to a lower recycling probability. However, this can be misleading, as the 
secondary production rate is also highly influenced by NO. A better indicator is the fraction 
of α of the total secondary production SArab + α, which decreases with increasing NO 
mixing ratios from >0.85 to ~0.6 at ~0.5 ppbv (Figure 5.5, bottom panel). This decrease 
indicates a possible loss process independent on NO concentration. A sudden increase for 
high NO mixing ratios could indicate, that a NO influenced loss process increased in impact 
with increasing NO and overtook the non-NO loss process.  
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Figure 5.6 Missing secondary production rate α vs. NO mixing ratio (top). α represents additional secondary 
production needed to reach levels of r observed in the Mediterranean Sea for similar NO mixing ratios. The 
bottom panel shows the fraction of the missing secondary production rate α of the sum of SArab and α vs. NO 
mixing ratio. 

5.3.2 Investigating ROx losses 
In order to identify possible sinks for ROx, which caused the low recycling probability in 
the Arabian Gulf, several loss pathways were investigated using measurements and box 
model calculations. 

Loss of HO2 through deposition on particle surfaces 
Heterogenous uptake on aerosol and dust particles can to be a significant sink for HO2 
(Carslaw et al., 2002; Carslaw et al., 1999; Jacob, 1986, 2000; J. Mao, Fan, Jacob, & Travis, 
2013; Sommariva et al., 2004; Joel A. Thornton, Jaeglé, & McNeill, 2008). Its high 
solubility in water (Henry’s law constant 6.8 mol m-3 Pa-1 (S. P. Sander et al., 2011)) and 
rapid dissociation (pKa = 4.7) of HO2 promote fast loss through uptake in aqueous aerosols 
and sea spray. During AQABA, it is expected, that mineral dust particles from surrounding 
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deserts can be a major fraction of the measured particle surface. HO2 uptake has been 
observed for Cu-doped aerosols catalyzed by a Cu(I)/Cu(II) redox cycling, converting HO2 
to H2O2 (Cooper & Abbatt, 1996; Mozurkewich, McMurry, Gupta, & Calvert, 1987; 
Taketani, Kanaya, & Akimoto, 2008). A similar catalytic mechanism has been proposed 
involving Cu(I)/Cu(II) and Fe(II)/Fe(III) (J. Mao et al., 2013). As a measure of efficiency 
of heterogeneous HO2 uptake, the reactive uptake coefficient γHO2 is used. γHO2 is defined 

as the fraction of HO2 collisions with aerosol surface resulting in reaction (J. Mao et al., 
2013). An excerpt of reported uptake coefficients for different surfaces is shown in Table 
5.1. 

Table 5.1 HO2 uptake coefficients for different surfaces 

Surface Type of Surface Uptake coefficient γ 
   

H2O flowing liquid >0.01 a 
NaCl solid dry film 0.01 b 
(NH4)2SO4 doped with Cu(II) salt solution aerosol  0.52 c 
Aerosols doped with Cu/Fe model simulations 0.4 – 1 d * 
   

* uptake coefficient is dependent on pH and Cu/Fe ratio 
a (Hanson, Burkholder, Howard, & Ravishankara, 1992), b (Remorov, Gershenzon, Molina, & Molina, 
2002), c (Taketani et al., 2008), d (J. Mao et al., 2013) 
 

To calculate the loss rate from the reported uptake coefficients, a first-order loss to aerosol 
surfaces was used, see Eq.23 (Ravishankara, 1997). 

 
𝐿𝐿𝑃𝑃𝑆𝑆 =

𝑐𝑐𝑔𝑔𝐴𝐴𝐴𝐴
4

∙ [HO2] 
(Eq.23) 

with 𝑐𝑐𝑔𝑔 = �
8𝑅𝑅𝑇𝑇
𝜋𝜋𝑀𝑀𝐻𝐻𝑁𝑁2

 
(Eq.24) 

   

cg is the mean molecular speed of gas molecules (see Eq.24), A is the particle surface area 
per volume unit, γ is the uptake coefficient, R is the universal gas constant, T is the ambient 
temperature and MHO2 is the molecular weight of HO2. To calculate LPS for loss on H2O 

and NaCl surfaces, surface areas of particles below 10 µm were used. Since dust particles 
are generally larger, with a diameter in the range of 2.5 – 10 µm (Maring, Savoie, Izaguirre, 
Custals, & Reid, 2003), the surface area of these particles was used to calculate LPS for Cu 
and Cu/Fe doped particles. Calculated LPS is shown in the top panel of Figure 5.6, the 
bottom panel shows LPS divided by missing production α. The highest loss was found on 
for Cu/Fe doped aerosols with a maximum of 2.7∙104 molec cm-3 s-1 and a maximum ratio 
of α of 0.16 %. This indicates, that during the measurements observed here, uptake on 
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particle surfaces does not reduce HO2 concentrations significantly, which, in turn, does not 
reduce secondary OH production in the Arabian Gulf.  

 

Figure 5.7 Loss rate on different surfaces LPS vs. NO mixing ratio in ppbv (top panel). The particle surface of 
particles between 2.5 and 10 µm diameter were used to calculate for loss on Cu doped aerosols and loss 
through Cu/Fe catalysis. The particle surface of particles below 10 µm diameter were used to calculated loss 
on water or NaCl surfaces. Fraction of loss on different surfaces of the missing secondary production α vs. 
NO mixing ratio in ppbv (bottom panel).  

 

Budget calculations and investigation of HO2/RO2 loss rates 
Loss processes of peroxy radicals through chemical reactions with other trace gases can 
lead to either to recycling or loss of radicals (see chapters 1.3.3 and 1.4.2). In order to 
investigate these reactions and possible loss pathways in the Arabian Gulf, 
CAABA/MECCA box model calculations, constrained by measured trace gas 
concentrations had been performed. The measurements during AQABA were taken as 
boundary conditions. As mentioned in chapter 3.1.2, total data coverage of all VOC/OVOC 
was limited. Therefore, the requirement for model calculations had been the availability of 
all VOC/OVOC, which contribute >90 % of speciated OH reactivity (see Pfannerstill et al. 
(2019)). Loss rates were calculated for HO2 and all RO2. Due to the large number of 
possible reactions of HO2 (236 reactions) and RO2 (608 reactions), reaction groups were 
defined (Table 5.2). Loss reactions of HO2 were separated into three groups: HLrad, radical 
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loss through radical-radical reactions, HCCNOx, recycling reaction of HO2 with NO, 

HCCother, non-NOx radical chain propagation, e.g. reaction of HO2 with O3 to form OH and 
O2. Loss reactions of RO2 were separated into six groups: RLNOx, radical loss through 

reaction with NOx, RLrad, radical loss through radical-radical reactions, RLother, other 
radical loss, RCCNOx, radical chain propagation through reaction with NOx, RCCHO2, 

radical chain propagation by reaction with HO2, RCCother, other radical chain propagation 
reactions, e.g. unimolecular reactions of RO2.  

Loss rates of RO2 and HO2 for regions during AQABA are shown in Figure 5.8. The Gulf 
of Aden and Northern Red Sea are not included due to lack of HOx measurements. The 
highest and lowest overall radical loss rates were calculated for the Arabian Gulf with 
~6.6∙107 molec cm-3 s-1, and the Arabian Sea with ~5.3∙106 molec cm-3 s-1, respectively. 
This is consistent with expectations, due to the high levels of pollution in the Arabian Gulf 
and the remote conditions observed in the Arabian Sea. In each region, the overall largest 
contributor to the loss rate are reactions with NOx. Recycling reactions by reaction with 
NOx (RCCNOx and HCCNOx) contribute up to 96 % of total loss rate in the Mediterranean 

Sea. However, due to limited data coverage during the Mediterranean Sea, the data used in 
the model calculations are during early morning, with very low HOx concentrations. Thus, 
budget calculations are not representative for the whole region of the Mediterranean Sea. 
The Suez Canal showed similar recycling probabilities as the Mediterranean Sea, with NOx 
recycling reactions contributing ~81 %. The lowest contribution is shown in the Arabian 
Sea and Arabian Gulf, with 38 % and 52 %, respectively, due to low NO mixing ratios. 
Additionally, high radical-radical reaction rates (RLrad and HLrad) lead to a higher radical 
loss in the Arabian Sea and Arabian Gulf compared to the Suez Canal.  

In order to illustrate the impact of radical loss for each region, Figure 5.9 shows radical loss 
as a fraction of total loss rates. 
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Table 5.2 Groups of ROx loss reactions, with number of reactions found in CAABA/MECCA and example 
for each group 

Loss reactions of RO2 

Type of reaction Abbrev. reactions 
in this 
group 

example 

Radical loss from 
reaction with NOx 

RLNOx 77 CH3C(O)O2 + NO2 → PAN  

Radical loss from 
radical-radical reaction 

RLrad 146 CH3O2 + HO2 → CH3OOH + O2  

Other radical loss RLother 52 CH3O2 → 0.5 HCHO +
0.5 CH3OH + 0.5 O2  

Radical chain 
propagation by reaction 
with NOx 

RCCNOx 124 CH3O2 + NO → CH3O + NO2  

Radical chain 
propagation by reaction 
with HO2 

RCCHO2 72 CH3C(O)O2 + HO2 →  OH +
 +CH3 +  CO2  

Other radical chain 
propagation reactions 

RCCother 137 CH3O2 + OH → CH3O + HO2  
C4H7O4 →  CH3C(O)CH2OH +
CO + OH  

    

Loss reactions of HO2 
Type of reaction Abbrev. reactions 

in this 
group 

example 

HO2 loss through 
radical-radical reaction 

HLrad 146 HO2 + HO2 →  H2O2 +  O2  

Radical chain 
propagation through 
reaction with NOx 

HCCNOx 1 HO2 + NO → OH + NO2  

Other radical chain 
propagation 

HCCother 89 HO2 +  O3 → OH + 2 O2  
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Figure 5.8 ROx loss rates for regions during AQABA. Loss rates accounted for RO2 radicals are shown in red 
to green and loss rates accounted to HO2 are shown in different shades of blue. The low ROx loss rates in the 
Mediterranean Sea are caused by low data coverage in this region. The obtained ROx losses are therefore not 
representative for the whole region of the Mediterranean Sea. 

 

 

Figure 5.9 Radical loss of ROx as a fraction of total loss during AQABA. Radical loss from radical-radical 
reaction is shown in blue (RLrad), loss from nitrate formation is shown in red (RLNOx), other radical loss is 
shown in yellow (RLother). 
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Overall radical loss contributes between 3 % and 49 % of total ROx loss rate. The highest 
fraction was calculated for the Arabian Sea and Arabian Gulf with 49 % and 35 %, 
respectively, suggesting a large fraction of radicals being lost instead of recycled in these 
two regions. RLrad is the most important loss path way, with only minor contribution from 
RLNOx and RLother. The Mediterranean Sea showed lowest contribution of radical loss to 

the total loss rate with 3 %, suggesting good recycling. Additionally, due to high NOx and 
low ROx concentrations in the Mediterranean Sea, the reaction with NOx was the major 
radical loss, with radical-radical reactions only contributing insignificantly. However, as 
already mentioned, the data available for the Mediterranean Sea is only representative for 
the early morning in the region. Due to low radical concentrations in the early morning, the 
majority of loss rate is attribute of reaction with NOx. With 13 % radical loss in the Suez 
Canal is significantly lower compared to the Arabian Gulf and Arabian Sea, indicating 
generally higher radical losses in both regions. 

In the calculation of secondary production rates, only the reactions of HO2 with NO and 
O3, respectively, are considered as recycling reactions. In order to investigate additional 
recycling processes, non-NOx radical recycling as a fraction of total ROx loss rate for each 
region during AQABA is shown in Figure 5.10. Due to low NOx mixing ratios in the 
Arabian Gulf and Arabian Sea, both regions show a high fraction of non-NOx recycling. 
As expected, a large fraction of non-NOx recycling is due to the reaction of HO2 with O3, 
which is already accounted for in the calculation of the recycling probability (see chapter 
5.2). However, in the Arabian Gulf approx. 50 % of non-NOx recycling is contributed by 
reactions from the groups RCCHO2, RCCother and HCCother, indicating a significant portion 

of recycling not accounted for in the calculation of r. 
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Figure 5.10 Non-NOx radical recycling rate as a fraction of total loss rate of ROx, separated in major 
contributing reactions. Recycling from HO2 + O3 is shown in yellow, radical-radical recycling is shown in 
red, and other recycling reactions, e.g. unimolecular decomposition of RO2, is shown in blue. 

Important reactions influencing non-NOx recycling are unimolecular reactions of RO2 and 
reaction of RO2 with HO2. In the Arabian Gulf, RCCHO2 contributes ~37 % of total non-

NOx recycling and ~4.6 % of total ROx loss rate. Since the reaction of RO2 with HO2 can 
act both as radical loss and radical recycling due to different reaction branches, it is 
important to investigate the branching ratios for RO2 from different origin VOC. Hasson et 
al. (2012) found an increase in branching ratio towards recycling with increasing degree of 
substitution from primary to tertiary peroxy radicals. Additionally, due to the formation of 
a tetroxide (see Figure 5.11), RO2 with a carbonyl in α- or β-position favor the production 
of the recycling reaction branch (R1c) or production of O3 and an alcohol (R1b) over the 
production of a hydroperoxide (R1a). Hui, Fradet, Okumura, and Sander (2019) reported a 
temperature dependency for the branching ratio of the reaction of HO2 and acetyl peroxy 
radical. R1b showed a negative temperature dependency, R1c showed a positive, while R1a 
showed no temperature dependency. The Arabian Gulf shows increased OVOC 
concentration and it is therefore likely, that the concentration of oxygenated RO2 is 
increased. In combination with high temperatures, the recycling through RO2 with HO2 is 
expected to be relevant. 
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Figure 5.11 Proposed mechanism for the reaction of acetyl peroxy radical and HO2. The tetroxide intermediate 
is formed to produce an acetic acid and ozone (R1b) or acetyl oxy radical oxygen and OH (R1c). 
Alternatively, a 4 membered ring intermediate can be formed to produce the hydroperoxide and oxygen (R1a). 
Taken from Hasson, Kuwata, Arroyo, and Petersen (2005) 

This additional recycling together with the increased loss of radicals does not explain the 
low recycling probability observed in the Arabian Gulf. However, loss rates calculated with 
the model are only a lower boundary, since not all VOC were used in the calculation. It is 
to be expected, that higher loss rates are reached, when accounting for missing VOC. 
Comprehensive VOC and RO2 measurements are needed to be able to quantify losses and 
additional recycling, which cause the low recycling probabilities calculated for the Arabian 
Gulf region. 

5.4 Summary 

Noontime values of the OH primary production rates ranged between 
0.8 – 2.3 ∙ 107 molec cm-3 s-1, with the reaction of O(1D) with H2O as most important 
source of OH. Secondary production rates ranged between 0.2 - 5 ∙ 107 molec cm-3 s-1. The 
most important recycling process is the reaction of HO2 with NO, followed by the reaction 
of HO2 with O3. The highest levels of OH primary production was found in the Arabian 
Gulf, however this region also showed exceptionally small secondary production. This 
indicates a significant loss of radicals throughout the radical cycle (see Figure 1.3). 

OH recycling probabilities during AQABA ranged between <0.1 up to >0.9, with distinct 
differences between regions during the campaign. For similar NO mixing ratios, r values 
between 0.1 to 0.7 were calculated. The Arabian Gulf region showed an especially low 
recycling probability, indicating higher radical loss and lower radical chain propagation. 
This suggests a low stability of tropospheric OH concentrations in this region. 
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A missing secondary production rate α for the Arabian Gulf was calculated using the 
Mediterranean Sea as a reference. With increasing NO mixing ratios, α increases, indicating 
a NO dependency of α. The fraction of α of the total secondary production SArab + α 
decreases, contradicting the first assessment. 

Maximum calculated heterogeneous uptake of HO2 on particle surfaces in the Arabian Gulf 
was found to be less than 2.7∙104 molec cm-3 s-1, contributing insignificantly to missing 
secondary production rate α. In the Arabian Gulf, HO2 concentrations were lower compared 
to the Mediterranean Sea, despite high HOx production rates. Box model calculations show, 
that low NOx levels cause recycling reactions with NO to be less important. High RO2 
concentrations cause radical-radical reactions to take up a major role in the HOx cycle, 
through radical loss and radical recycling reactions. Both these factors decrease the 
recycling probability. For regions with low NOx conditions, it is necessary to include 
potential recycling through radical-radical reactions. For AQABA, this is not possible due 
to missing measurement of RO2 and low data coverage of VOC. 
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6 Net Ozone Production Rate 

The formation of NO2 through the reaction of NO with HO2 or RO2 causes a net ozone 
production in the troposphere (see 1.5). If accumulated, these increased O3 mixing ratios 
can cause plant stress and harm to the respiratory system of animals and humans (Nuvolone 
et al., 2018). As a precursor to O3, much effort was put into mitigating NOx (Miyazaki et 
al., 2017) emissions in Europe and America. However, NOx emissions increased 
substantially in Asia, India, and the Middle East (Miyazaki et al., 2017). The following 
chapter characterizes net ozone production rates (NOPR) and compares the results to those 
obtained by Tadic et al. (2020). The influence of NO mixing ratios was investigated, and 
the crossover point between NOx-limited and VOC-limited regimes was examined. 

6.1 Net ozone production rate from measured HO2 and estimated RO2 

The interconversion reactions between NO and NO2 rapidly produce and destroy O3 and 
thus form a null cycle (see 1.5, R.31 – 33). Any additional O3 production is due to the 
reaction of peroxy radicals with NO forming NO2. During daytime, NO2 can, in turn, 
photolyze and the produced O(3P) reacts with O2 to O3. The production of O3 can be 
described as shown in Eq.27. To calculate NOPR, O3 loss LO3 has to be subtracted from O3 

production PO3. The major loss channels are the photolysis of O3, followed by the reaction 

of O(1D) with water vapor (R.1a & R.1d), the reaction with OH (R.8) and HO2 (R.12). 
Other loss channels are the deposition of O3 on the surface, reaction with the halogen 
monoxides BrO and IO and ozonolysis with alkenes. The surface deposition was estimated 
using surface iodide concentrations and the boundary layer height (Pound, Sherwen, 
Helmig, Carpenter, & Evans, 2020). The surface iodide concentrations were taken from 
Sherwen et al. (2019) and boundary layer height was taken from Dienhart et al. (2022). 
Since no halogen monoxide concentrations were available during AQABA, this O3 loss 
pathway was not included. O3 loss was calculated using Eq.28. 

  



6 Net Ozone Production Rate 

85 

 
𝑃𝑃𝑁𝑁3 = �𝑘𝑘𝐻𝐻𝑁𝑁2+𝑁𝑁𝑁𝑁[𝑂𝑂𝑂𝑂2] +  �𝑘𝑘𝑅𝑅𝑖𝑖𝑁𝑁2+𝑁𝑁𝑁𝑁[𝑅𝑅𝑖𝑖𝑂𝑂2]

𝑖𝑖

� ∙ [𝑁𝑁𝑂𝑂] 
(Eq.27) 

 
𝐿𝐿𝑁𝑁3 = [𝑂𝑂3] ∙ �𝛼𝛼𝑗𝑗𝑁𝑁1𝐷𝐷[𝑂𝑂3] + 𝑘𝑘𝑁𝑁3+𝑁𝑁𝐻𝐻[𝑂𝑂𝑂𝑂] +  𝑘𝑘𝐻𝐻𝑁𝑁2+𝑁𝑁3[𝑂𝑂𝑂𝑂2]  

+ �[𝐴𝐴𝐴𝐴𝑘𝑘𝑒𝑒𝑛𝑛𝑒𝑒𝑖𝑖]𝑘𝑘𝐴𝐴𝑟𝑟𝑘𝑘𝑟𝑟𝑢𝑢𝑟𝑟𝑖𝑖+𝑁𝑁3
𝑖𝑖

+
[𝑂𝑂3]𝜈𝜈𝑀𝑀
ℎ𝐵𝐵𝐵𝐵

� 

(Eq.28) 

with 𝛼𝛼 =
𝑘𝑘𝑂𝑂1𝐷𝐷+𝐻𝐻2𝑂𝑂[𝐻𝐻2𝑁𝑁]

𝑘𝑘𝑂𝑂1𝐷𝐷+𝐻𝐻2𝑂𝑂[𝐻𝐻2𝑁𝑁]+ 𝑘𝑘𝑂𝑂1𝐷𝐷+𝑁𝑁2[𝑁𝑁2]+ 𝑘𝑘𝑂𝑂1𝐷𝐷+𝑂𝑂2[𝑁𝑁2]  
(Eq.29) 

 𝑁𝑁𝑂𝑂𝑃𝑃𝑅𝑅 =  𝑃𝑃𝑁𝑁3 −  𝐿𝐿𝑁𝑁3 (Eq.30) 
   

RiO2 represents a particular RO2, jO1D is the photolysis frequency for O3 to O(1D), α is the 
fraction of O(1D), which reacts with H2O, νd is the deposition velocity, and hBL is the 
boundary layer height. NOPR was calculated using measurements during AQABA and RO2 
concentrations estimated in chapter 3.1. Thus, RiO2 was separated into RO2 from saturated 
VOC and RO2 from unsaturated VOC. The rate constants of CH3O2 and HOCH2CH2O2 
were used for saturated and unsaturated, respectively. The unsaturated VOC ethene, 
propene, butene and isoprene were used to calculate O3 loss from ozonolysis, as these 
species had the highest mixing ratios among measured unsaturated VOC. However, 
ozonolysis was only a significant loss in the Arabian Gulf and Gulf of Oman, where fresh 
emissions of these VOC caused ~11 % of total O3 loss. The contribution of ozonolysis in 
other regions was <3 %. Thus, the loss from ozonolysis was only included for the Arabian 
Gulf and Gulf of Oman. This increased data coverage in the remaining regions 
significantly. NOPR calculated in this work is further named NOPRcalc.  

Tadic et al. (2020) reported NOPR calculated from NO/NO2 photo stationary state 
(NOPRPSS). For the calculation of NOPRPSS, the production term PO3 was simplified to 

Eq.32. Under the photo stationary state assumption of NO/NO2, the sum of HO2 and RO2 
can be calculated as shown in Eq.32. Since this assumption gives only a lump sum of HO2 
and RO2, the rate constant for the reaction of HO2 with NO is used to calculate PO3. 

Additionally, the data used for NOPRPSS was restricted to ±2 h around noontime to allow 
the best approximation of the photo stationary state assumption. The data reported by Tadic 
et al. (2020) is used as a comparison. 

All used rate constants for calculating both NOPR variants are shown in Table 6.1.  

 

 



6 Net Ozone Production Rate 

86 

 

Table 6.1 Rate constants used to calculate NOPR with measured data 

 Reaction Rate constant 
𝑘𝑘𝐻𝐻𝑁𝑁2+𝑁𝑁𝑁𝑁  HO2 + NO → OH + NO2  3.3∙10-12 ∙exp(270/T) * 

𝑘𝑘𝐶𝐶𝐻𝐻3𝑁𝑁2+𝑁𝑁𝑁𝑁  CH3O2 + NO → CH3O + NO2  1.8∙10-12 ∙exp(300/T) * 

𝑘𝑘𝐻𝐻𝑁𝑁𝐶𝐶𝐻𝐻2𝐶𝐶𝐻𝐻2𝑁𝑁2+𝑁𝑁𝑁𝑁  HOCH2CH2O2 + NO →
HOCH2CH2O + NO2  

2.54∙10-12 ∙exp(360/T) + 

𝑘𝑘𝑁𝑁3+𝑁𝑁𝐻𝐻  OH +  O3 →  HO2 + O2  1.7∙10-12 ∙exp(-940/T) * 

𝑘𝑘𝑁𝑁3+𝐻𝐻𝑁𝑁2  HO2 +  O3 →  OH + 2 O2  1.0∙10-14 ∙exp(-490/T) * 

𝑘𝑘𝑁𝑁1𝐷𝐷+𝐻𝐻2𝑁𝑁  O1D +  H2O →  2OH  1.63∙10-10 ∙exp(60/T) * 

𝑘𝑘𝑁𝑁1𝐷𝐷+𝑁𝑁2  O1D +   N2 →  O3P +  N2  2.15∙10-11 ∙exp(110/T) * 

𝑘𝑘𝑁𝑁1𝐷𝐷+𝑁𝑁2  O1D +   O2 →  O3P +  O2  3.3∙10-11 ∙exp(55/T) * 
  

* (J. B. Burkholder et al., 2019), + (Saunders, Jenkin, Derwent, & Pilling, 2003) 
  

The relative uncertainty for NOPRcalc was calculated through error propagation of 
Eq.27-29. The median relative uncertainty of NOPRcalc obtained during AQABA is 57 %. 
The average relative uncertainty is 358 %, with a heavy bias towards single data outliers 
with very high or low values. Therefore, the relative uncertainty is estimated according to 
the median at 57 %. Tadic et al. (2020) reported a median relative uncertainty for NOPRPSS 
of 91 %.  

NOPRcalc (red) and NOPRPSS (blue, Tadic et al. (2020)) are shown in Figure 6.1. NOPRcalc 
in the Arabian Sea and the southern Red Sea was generally low, with positive and negative 
values. Both regions show low concentrations of VOC and NOx. Thus, leading to low 
production rates or O3 destruction. A notable exception is the first day after exiting the Gulf 
of Oman on 07. Aug., when NOPRcalc values peak at ~3.5 pptv s-1. It is suspected that this 
is strongly influenced by dense ship traffic present within the Gulf of Oman. NOPRPSS and 
NOPRcalc show good agreement for the Arabian Sea and the southern Red Sea regions. 
Additionally, when crossing the Bab al-Mandab strait between the Gulf of Aden and the 
southern Red Sea, dense ship traffic caused another peak in NOPRcalc, shortly increasing to 
values >5 pptv s-1. Since this peak is not representative for the Gulf of Aden or southern 
Red Sea region, it was excluded from further investigations done with this dataset. 

 𝑃𝑃𝑁𝑁3 =  𝑘𝑘𝐻𝐻𝑁𝑁2+𝑁𝑁𝑁𝑁 [𝑁𝑁𝑂𝑂] ∙ ([𝑂𝑂𝑂𝑂2] + [𝑅𝑅𝑂𝑂2]) (Eq.31) 

with ([𝑂𝑂𝑂𝑂2] + [𝑅𝑅𝑂𝑂2]) =
(𝑗𝑗𝑁𝑁𝑂𝑂2  [𝑁𝑁𝑁𝑁2]− 𝑘𝑘𝑁𝑁𝑂𝑂+𝑂𝑂3  [𝑁𝑁𝑁𝑁][𝑁𝑁3])

𝑘𝑘𝑁𝑁𝑂𝑂+𝐻𝐻𝑂𝑂2  [𝑁𝑁𝑁𝑁]
  (Eq.32) 
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Figure 6.1 Timeline of NOPR calculated in this work (red) and by Tadic et al. (2020) (blue), shown in pptv s-1. 
Gray, vertical lines indicate the separation between regions during AQABA.  

In the Arabian Gulf and the Gulf of Oman, NOPRcalc shows values around 0 pptv s-1, with 
a median value of 0.06 pptv s-1 (75 % quantile: 0.42 pptv s-1). Figure 6.2 shows the O3 
budget with production (positive bars) and loss rates (negative bars). In the Arabian Gulf 
and Gulf of Oman, the budget is balanced between production and loss. Due to high water 
vapor concentrations (4.0±0.2 %), the reaction of O(1D) with water vapor leads to high O3 
loss, while low NOx concentrations lead to only small production of O3 by peroxy radicals. 
The high O3 mixing ratios of up to 170 ppbv are thus likely produced closer to sources of 
fresh NOx, such as the surrounding cities. Due to high RO2 concentrations in the region, 
NOx quickly depletes further away from the sources. This leads to the conditions, in which 
the O3 concentrations can only barely be maintained, as observed along the ship track. 
Figure 6.2 shows the O3 budget with production (positive bars) and loss rates (negative 
bars). Contrary to NOPRcalc, NOPRPSS shows high values up to >5 pptv s-1 in this region. 
This discrepancy is likely due to an overestimation of NOPRPSS and an underestimation of 
NOPRcalc. NOPRPSS can be overestimated due to another null cycle, which was not 
accounted for in the calculation. The reaction of halogen oxides with NO can form NO2 
and a halogen radical. The formed NO2 can photolyze and produce O3 in the subsequent 
reactions. Then, the formed halogen radical reacts with O3, which establishes a null cycle 
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(R.45 & 46). Sources of reactive halogen in the marine boundary layer during AQABA 
could be marine biota, which is known to emit organohalogen species. These species are 
photolabile and produce halogen radicals (Simpson, 2015). Another source is the reaction 
of the nocturnal NOx species, N2O5 with HCl or NaCl. This reaction produces ClNO2, 
which photolyzes to produce Cl radicals (Finlayson-Pitts, 1990; Finlayson‐Pitts, 1989; 
Tolbert). Using the PSS assumption to calculate the sum of HO2 and RO2 disregards this 
null cycle, which results in artificially increased NOPRPSS values. The NOPRcalc described 
within this work represents a minimum boundary, because the RO2 estimates used are 
considered a lower boundary (see 3.1.2). However, it is suspected, that the RO2 
concentrations in the Arabian Gulf are underestimated by ~40 %. This is not enough to 
compensate for the discrepancy. 

 

 

Figure 6.2 O3 budget during the AQABA campaign. Production rates are shown as positive bars, while loss 
rates are shown as negative bars. Gray, vertical lines indicate the separation between regions during AQABA.  

 

 NO + XO → NO2 + X      with X=F, Cl, Br, I (R.45) 
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Significant O3 production rates can be found in the Suez Canal and Gulf of Suez region, 
with values exceeding >5 pptv s-1. The NOPRcalc shows a latitudinal gradient with the 
highest values at the northern exit of the Suez Canal. Anthropogenic influence increased 
from two factors throughout the Suez Canal region. First, the narrowing of the shipping 
lane from the Northern Red Sea to the Gulf of Suez, followed by the Suez Canal itself, 
caused higher ship emissions through dense traffic. Additionally, northwestern winds 
introduced emissions from the Cairo metropolitan area in the northern part of this region. 
Both factors lead to increasing NOPRcalc. NOPRPSS is in good agreement during the Suez 
Canal. This indicates that the possible overestimation of NOPRPSS from halogen oxides and 
underestimation of NOPRcalc, due to RO2 estimation, are less significant in this region. 

In the Mediterranean Sea, NOPRcalc shows values ranging from -0.2-+4.8 pptv s-1, with a 
median of 0.56 pptv s-1 (1.76 pptv s-1). NOPRPSS shows good agreement for most of the 
NOPRcalc data over the Mediterranean Sea. During the time before noon on 30.08., 
NOPRcalc exceeded values of 4 pptv s-1 as the ship passed through the strait of Messina. 
Fresh NOx and VOC emissions from the nearby city of Messina showed a peak in NOPRcalc 
(Figure 6.1). The passage is not included in NOPRPSS since it happened outside the ±2 h 
time interval (see above). Since this peak in NOPRcalc is not representative of the region of 
the Mediterranean Sea, it was excluded from the following analysis. 
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6.2 NOPR dependence on NO and HOx production 

 

Figure 6.3 Averaged PO3 plotted versus [NO]. PO3 data were placed into three PHOx bins: high 
(0.5 < PHOx < 0.7 ppt/s, circles), moderate (0.2 < PHOx < 0.3 ppt/s, squares), and low 
(0.03 < PHOx < 0.07 ppt/s, triangles), and then averaged as a function of NO. All three PHOx regimes 
demonstrate the expected generic dependence on NO, PO3 increases linearly with NO for low NO (<600 ppt 
NO), and then PO3 becomes independent of NO for high NO (>600 ppt NO). The crossover point between 
NOx-limited and VOC-limited O3 production occurs at different levels of NO in the three PHOx regimes. (taken 
from J. A. Thornton et al. (2002) 

During measurements in Nashville, Tennessee, in 1999, J. A. Thornton et al. (2002) found 
significantly different O3 production rates for different times of the day. These differences 
were caused by changing emissions from the surrounding environment throughout the day. 
To mitigate a potential systematic error, PO3 was separated by PHOx (see Figure 6.3). During 

AQABA, this dependency on PHOx was not observed. Figure 6.4 exemplifies this by 
separating the calculated NOPRcalc values for the Arabian Sea into high (yellow triangles, 
0.1-0.25 pptv s-1), moderate (red squares, 0.04-0.1 pptv s-1), and low (blue dots, 
0.016-0.04 pptv s-1) PHOx. During AQABA, primary emission sources were ship traffic and 
petrochemical industries, which did not cause significant diurnal variations. Therefore, all 
levels of PHOx in Figure 6.3 show similar NOPRcalc for similar NO mixing ratios. 
Accordingly, no separation by PHOx was necessary for the AQABA dataset. Similar plots 
for other regions can be found in Appendix A. 
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Figure 6.4 NOPRcalc over the Arabian Sea as a function of NO mixing ratio. The blue dots show NOPRcalc at 
low PHOx, red squares at moderate PHOx, and yellow triangles at high PHOx. All three PHOx regimes show similar 
NOPR, indicating no significant fluctuations of conditions throughout the day. 

As NO is a reaction partner with ROx, the dependency of NOPR can be sorted into two 
regimes. Under low NOx conditions, radical-radical reactions are the dominant chain 
termination reactions. The most important loss reactions are R.17-19 & R.30. As NO 
mixing ratios increase, NOPR increases until the formation of nitrates exceeds radical-
radical reactions. At this point, a further increase of NO yields decreasing NOPR. Under 
these conditions, the reaction of OH with NO2 (R.21) and nitrate formation of RO2 (R.29) 
become dominant chain termination reactions. O3 production is called NOx-limited in the 
low NO regime, and VOC-limited in the high NO regime. The crossover point of NOx-
limited and VOC-limited regimes corresponds to a NO mixing ratio where NOPR has a 
maximum (J. A. Thornton et al., 2002).  

RO2 concentrations estimated in chapter 3.1.2 were used to calculate the radical loss. 
Therefore, loss reactions involving RO2 are calculated using CH3O2 and HOCH2CH2O2 as 
a proxy for RO2 from saturated (RO2 sat) and unsaturated VOC (RO2 unsat), respectively.  

The total loss of ROx LROx is assumed as the sum of chain termination rates (Eq.33), with 
HHloss as ROx self-reactions and NHloss as ROx-NOx reactions. The reaction of RO2 with 
NO has two reaction pathways. Since only chain termination reactions are used, a yield β 
of 3 % for R.29 relative to R.15 is assumed (Mellouki et al., 2021). Rate constants used in 
this calculation are summarized in Table 6.1 and Table 6.2. 



6 Net Ozone Production Rate 

92 

 𝐿𝐿𝐻𝐻𝑁𝑁𝑥𝑥 =  𝑂𝑂𝑂𝑂𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑁𝑁𝑂𝑂𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻  (Eq.33) 
   

 𝑂𝑂𝑂𝑂𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻
= 2 𝑘𝑘𝐻𝐻𝑁𝑁2+𝐻𝐻𝑁𝑁2[𝑂𝑂𝑂𝑂2]2 + 2 𝑘𝑘𝐶𝐶𝐻𝐻3𝑁𝑁2+𝐻𝐻𝑁𝑁2[𝑂𝑂𝑂𝑂2][𝑉𝑉𝑂𝑂3𝑂𝑂2]
+  2 𝑘𝑘𝐻𝐻𝑁𝑁𝐶𝐶𝐻𝐻2𝐶𝐶𝐻𝐻2𝑁𝑁2+𝐻𝐻𝑁𝑁2[𝑂𝑂𝑂𝑂2][𝑂𝑂𝑂𝑂𝑉𝑉𝑂𝑂2𝑉𝑉𝑂𝑂2𝑂𝑂2]
+  2 𝑘𝑘𝑁𝑁𝐻𝐻+𝐻𝐻𝑁𝑁2[𝑂𝑂𝑂𝑂2][𝑂𝑂𝑂𝑂] +  2 𝑘𝑘𝐶𝐶𝐻𝐻3𝑁𝑁2+𝐶𝐶𝐻𝐻3𝑁𝑁2[𝑉𝑉𝑂𝑂3𝑂𝑂2][𝑉𝑉𝑂𝑂3𝑂𝑂2]
+  2𝑘𝑘𝐻𝐻𝑁𝑁𝐶𝐶𝐻𝐻2𝐶𝐶𝐻𝐻2𝑁𝑁2+𝐻𝐻𝑁𝑁𝐶𝐶𝐻𝐻2𝐶𝐶𝐻𝐻2𝑁𝑁2[𝑂𝑂𝑂𝑂𝑉𝑉𝑂𝑂2𝑉𝑉𝑂𝑂2𝑂𝑂2][𝑂𝑂𝑂𝑂𝑉𝑉𝑂𝑂2𝑉𝑉𝑂𝑂2𝑂𝑂2] 

(Eq.34) 

   

 𝑁𝑁𝑂𝑂𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻 =  𝑘𝑘𝑁𝑁𝐻𝐻+𝑁𝑁𝑁𝑁2[𝑂𝑂𝑂𝑂][𝑁𝑁𝑂𝑂2] +
 𝛽𝛽 𝑘𝑘𝐶𝐶𝐻𝐻3𝑁𝑁2+𝑁𝑁𝑁𝑁[𝑁𝑁𝑂𝑂][𝑉𝑉𝑂𝑂3𝑂𝑂2] +
 𝛽𝛽 𝑘𝑘𝐻𝐻𝑁𝑁𝐶𝐶𝐻𝐻2𝐶𝐶𝐻𝐻2𝑁𝑁2+𝑁𝑁𝑁𝑁[𝑁𝑁𝑂𝑂][𝑂𝑂𝑂𝑂𝑉𝑉𝑂𝑂2𝑉𝑉𝑂𝑂2𝑂𝑂2]  

(Eq.35) 

   
Table 6.2 Rate constants used to calculate HHloss and NHloss 

 Reaction Rate constant 
𝑘𝑘𝐻𝐻𝑁𝑁2+𝐻𝐻𝑁𝑁2  HO2 + HO2 → H2O2 + O2  3.0∙10-13 ∙exp(-490/T) * 
 𝑘𝑘𝑁𝑁𝐻𝐻+𝐻𝐻𝑁𝑁2  OH + HO2 → H2O + O2  4.8∙10-11 ∙exp(250/T) * 

𝑘𝑘𝐶𝐶𝐻𝐻3𝑁𝑁2+𝐻𝐻𝑁𝑁2  CH3O2 + HO2 → CH3OOH + O2  3.8∙10-13 ∙exp(780/T) * 

𝑘𝑘𝐻𝐻𝑁𝑁𝐶𝐶𝐻𝐻2𝐶𝐶𝐻𝐻2𝑁𝑁2+𝐻𝐻𝑁𝑁2  HOCH2CH2O2 + HO2 →
HOCH2CH2OOH + O2  

1.53∙10-13 ∙exp(1300/T) + 

 𝑘𝑘𝐶𝐶𝐻𝐻3𝑁𝑁2+𝐶𝐶𝐻𝐻3𝑁𝑁2  CH3O2 + CH3O2 →  
CH3OH + HCHO + O2  

1.03∙10-13 ∙exp(365/T) * 

𝑘𝑘 𝐻𝐻𝑁𝑁𝐶𝐶𝐻𝐻2𝐶𝐶𝐻𝐻2𝑁𝑁2
+𝐻𝐻𝑁𝑁𝐶𝐶𝐻𝐻2𝐶𝐶𝐻𝐻2𝑁𝑁2

  HOCH2CH2O2 +  HOCH2CH2O2 →
 HOCH2CH2OH + HOCH2CHO + O2  

7.8∙10-14 ∙exp(1000/T) * 

𝑘𝑘𝑁𝑁𝐻𝐻+𝑁𝑁𝑁𝑁2  OH +  NO2 →  HNO3  1.63∙10-10 ∙exp(60/T) * 

  

* (J. B. Burkholder et al., 2019), + (Saunders et al., 2003) 
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Figure 6.5 The left axis shows NOPRcalc for different regions during AQABA vs. NO mixing ratio in ppbv. 
The gray dots show non-averaged NOPRcalc, while the blue dots show averaged NOPRcalc. The right axis 
shows the fraction of total radical loss vs. NO mixing ratio. The fractional loss through HHloss is shown in 
red triangles, and the fractional loss through NHloss is shown in red crosses.  
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NOPRcalc and radical losses HHloss and NHloss are shown side by side for different regions 
in Figure 6.5. NOPRcalc vs. NO mixing ratio are shown on the left axis. Gray dots represent 
unaveraged data, while blue dots show averaged data. The right axis shows relative radical 
loss through radical-radical reactions HHloss/total loss (red triangles) and nitrate formation 
NHloss/total loss (red crosses).  

NOPRcalc for all regions shows an increase with an increasing NO mixing ratio. However, 
even at the highest levels of NO, no maximum of NOPRcalc can be seen. Since a crossover 
point between HHloss and NHloss can be seen in every region, it does not correspond with 
the maximum of NOPRcalc. RO2 estimations are considered a lower boundary. Since RO2 
affects HHloss quadratically, an increase in RO2 would shift the crossover point further to 
higher NO mixing ratios. To improve the results for HHloss and NHloss, measurements of 
RO2 and their speciation would be needed. 

As discussed above, the lowest NOPRcalc was found in the Arabian Gulf, with rates around 
0 pptv s-1. High variability in the data also suggests close proximity to NOx and VOC 
sources. In the Suez Canal region, similarly high variability can be seen, especially for NO 
mixing ratios >1 ppbv. It is suspected that air masses with different origins and 
compositions have been observed in this region. The HYSPLIT trajectories (Figure 4.5) 
show airmasses from southern Egypt in the southern part of the Suez Canal, while the 
northern part of the Suez Canal was influenced by air masses from northern Egypt and 
south eastern Europe.   

Since no maximum in NOPRcalc can be observed for any region during AQABA, it is 
assumed that NOPRcalc is NOx-limited throughout the campaign. This is consistent with the 
findings of Tadic et al. (2020) and Pfannerstill et al. (2019). Tadic et al. (2020) used a ratio 
of HCHO and NO2 as an indicator and found only tendencies of VOC-limitation in the Suez 
Canal region (Tadic et al. (2020) label the Suez Canal as the Northern Red Sea). Pfannerstill 
et al. (2019) based their study on OH reactivity measurements and classified most regions 
as being in a transition between NOx- and VOC-limited, with a tendency towards 
NOx-limited. An exception was the Suez Canal, which showed a slight tendency towards 
VOC-limitation. 

6.3 Summary 

Net ozone production rates were calculated using measured HO2 and calculated RO2 
mixing ratios. Throughout AQABA, the values ranged from -0.3 to >5 pptv s-1, with 
significant differences in the regions. A budget analysis of the Arabian Gulf and Gulf of 
Oman showed a balanced O3 budget. High water concentrations and fresh emissions of 
unsaturated VOC caused a high loss of O3, while low NOx concentrations lead to only a 
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low O3 production from peroxy radicals. The discrepancy between NOPRcalc and NOPRPSS 
is likely due to an overestimation of NOPRPSS from halogen oxide formation, as well as an 
underestimation of NOPRcalc due to calculated RO2 concentrations being a lower boundary. 
A peak in NOPRcalc in the Mediterranean Sea is caused by higher NOx mixing ratios from 
fresh emissions encountered in the Strait of Messina. 

No PHOx dependency for NOPRcalc was found during AQABA, since the strength of 
significant emission sources during AQABA did not show diurnal variations. As a 
consequence, a separation of NOPRcalc based on PHOx was not needed. 

The finding of the crossover point between NOx-limited and VOC-limited regimes of O3 
production was attempted, using radical-radical loss and nitrate formation. However, 
equations Eq.34 & 35 could not describe radical losses adequately. For all regions, an 
increase in NOPRcalc with increasing NO was reached. However, no maximum was found. 
This indicates that all regions are NOx-limited, which is largely consistent with findings 
from Tadic et al. (2020) and Pfannerstill et al. (2019). The exception being the Suez Canal 
region, where conditions were found to have tendencies towards VOC-limitation. 
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7 Summary and Conclusions 

The region around the Arabian Peninsula is synonymous with intense solar radiation and 
high ambient temperatures. Combined with strong sources of VOC from oil and gas 
extraction and processing, these conditions have a major impact on the oxidative capacity 
of the atmosphere. To investigate the oxidative capacity under the conditions of high 
photochemistry and anthropogenic pollution, the AQABA ship-based measurement 
campaign was conducted in the summer of 2017. As part of a large ensemble of 
instrumentation, the OH and HO2 radicals were measured using the HORUS system. 

Since OH can also be recycled through RO2, their quantification is important to characterize 
the oxidative potential. Due to missing RO2 measurements during AQABA, lower 
boundaries of ambient RO2 concentrations were calculated utilizing measurement-
constrained CAABA/MECCA box-model calculations and measured OH reactivity. The 
highest average mixing ratios were found in the Suez Canal (23.8±14.7 pptv) and the 
Arabian Gulf (23.2±22.4 pptv), followed by the Mediterranean Sea (15.0±7.4 pptv). With 
4.9±3.7 pptv and 6.8±4.9 pptv, respectively, the Gulf of Aden and the Arabian Sea showed 
the lowest mixing ratio. 

As a measure of the oxidative potential, an investigation of the OH recycling probability 
was conducted for the AQABA dataset. The Arabian Gulf (15±10 % (1σ) @ 0.1 pptv NO) 
showed significantly lower recycling probability compared to the Mediterranean Sea 
(57±5 % (1σ) @ 0.1 pptv NO). Possible radical losses were investigated. HO2 loss on 
particle surfaces was negligible over the Arabian Gulf, being less than 0.16 % of missing 
secondary production. Peroxy radical losses had been studied using the constrained 
CAABA/MECCA box model. The calculations showed, that due to low NOx 
(0.09±0.05 pptv) and high radical mixing ratios in the Arabian Gulf, the importance of the 
recycling reaction of HO2/RO2 and NO is decreased. In contrast, the significance of radical-
radical reactions increased, which led to an increase in the destruction of radicals from 
peroxide formation by a factor of ~ 2 in the Arabian Gulf (32.4 % of total ROx loss). At 
similar VOC load but higher NOx levels, the Gulf of Oman and Suez Canal showed a lower 
contribution of 12.1 % and 11.7 %, respectively. The pristine air masses in the Arabian Sea 
showed that 47.6 % of total ROx loss can be contributed to radical-radical reactions. Due 
to very low NOx and VOC mixing ratios, the reaction of HO2 with itself is the major 
contributor to radical loss. The contribution in the Mediterranean Sea was <0.2 %. 
However, this is only representable for the early morning period, where radical levels were 
generally low. An increased destruction of radicals through radical-radical reactions leads 
directly to a decrease of the recycling probability r. Additionally, high radical 
concentrations cause radical-radical recycling reactions to be more important in the Arabian 
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Gulf. This is particularly the case given that they could not be accounted for in the 
calculation of the OH recycling probability, thus indirectly lowering r. 

As a side product of radical recycling, tropospheric O3 is directly impacted by the recycling 
probability. The net ozone production rate NOPRcalc was calculated using HO2 
measurements and RO2 concentrations determined in this work. NOPRcalc along the ship 
track in the Arabian Gulf and Gulf of Oman showed production rates around 0 pptv s-1. 
High measured water vapor concentrations (4.0±0.2 %) caused a high loss of O3 through 
the reaction of O(1D) with H2O. Additionally, high radical concentrations depleted NOx 
concentrations, leading to low production of O3. Throughout AQABA, there were no 
observable condition where NOPRcalc peaked at a specific NO concentration. Therefore, 
the NOPR in this work is categorized as NOx-limited. These findings are consistent with 
Tadic et al. (2020) and Pfannerstill et al. (2019). 

To conclude, the results show an increased shift in importance towards radical-radical 
reactions for the recycling probability in low NOx/high VOC regions. In the Arabian Gulf, 
this is due to the high RO2 concentrations. The reaction of RO2 with HO2 is the biggest 
contributor and add to radical destruction and recycling. Both reduce the recycling 
probability either directly or indirectly. It is, thus, important to include RO2 observations 
and speciation in future measurements. Despite high radical concentrations in the Arabian 
Gulf, NOPR was around 0 pptv s-1. High water vapor and low NOx concentrations caused 
both high O3 destruction and low production, respectively. In the Mediterranean Sea, future 
exploitation of natural gas reservoirs in Turkish and Greek waters could lead to high VOC 
loads similar to the Arabian Gulf. However, due to lower primary radical production it is 
expected, that NOx will remain higher, which in turn will lead to higher NOPR compared 
to the Arabian Gulf. 
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A.  Supplementary Data 

 

Figure A.1 Measurement of peroxy radicals from ethene under the assumption of a NO offset of +0.04∙10-3 s-1. 
Dots represent the measurement and the dotted line represent box model results. 
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Figure A.2 NOPRcalc over the Arabian Sea as a function of NO mixing ratio. The differently colored markers 
show different levels of PHOx during the AQABA campaign. All regimes of PHOx show similar NOPR, 
indicating no significant fluctuations of conditions throughout the day. 
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Figure A.3 Timeseries of total OH primary production and the individual contributing reactions. The blue 
dots show the total primary production, the red dots show the production from the photolysis of ozone, yellow 
dots show the net production from HONO photolysis and the purple dots show the OH production from H2O2 
and ROOH.  
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Figure A.4 Timeseries of total OH secondary production and the individual contributing reactions. The blue 
dots show the total secondary production, the red dots show the production from the reaction of HO2 with 
NO, yellow dots show the production from the reaction of HO2 with O3. 
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B.  CAABA/MECCA chemical mechanism 
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C.  Datasheets 

 

Figure C.1 Specifications of coated silica fiber used for transittance of 308 nm light through the 
HORUS instrument. (Information taken from specification listings, Thorlabs GmbH, Europe, 
Germany, www.thorlabs.de) 
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Figure C.2 Laser Dye, Pyrromethane-597 used in tunable dye laser powered by a diode-pumped Nd:YAG 
laser emitting 532 nm light. (Information taken from www.radiant-dyes.com) 

 

Figure C.3 Spectrum of the Pen-Ray line source used for the calibration of the HORUS instrument (Taken 
from manual, LOT-QuantumDesign, Europe, www.lot-qd.com) 
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