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Summary 

Carbonyl compounds including aldehydes and ketones are a major chemical category of 

oxygenated volatile organic compounds (VOCs) in the atmosphere, which play an important role 

in atmospheric chemistry. They can be directly released from biogenic and anthropogenic 

emissions and also be produced via secondary photochemical oxidation. The formation and loss 

processes of carbonyls are related to tropospheric ozone formation and can influence the formation 

of secondary organic aerosols. Due to the various lifetimes of carbonyls, they can affect the outside 

air quality locally, regionally and globally. Moreover, carbonyls can be also present in indoor air. 

As people spend most of their time indoors and exposure to some carbonyls can cause adverse 

health effects, it is important to characterize indoor sources of these compounds. Indoor carbonyls 

can be emitted from furnishings/materials but also from humans themselves with the latter source 

gaining more and more prominence only in the recent decade. With the presence of indoor oxidants 

transported from outside or generated indoors, carbonyls can be also be generated as secondary 

products via oxidation. They can contribute significantly to the total loss of OH radicals, which can 

be used to reveal the total airborne load of reactive gases.  

To better understand the role of carbonyls in air chemistry outdoors and indoors, this doctoral 

project conducted VOC and total OH reactivity measurements in the marine atmosphere over the 

Arabian Peninsula (outdoor scenario) and in a controlled human occupied climate chamber (indoor 

scenario). Proton-transfer-reaction mass spectrometry (PTR-MS), a soft chemical ionization 

technique, was the major tools used throughout the project. 

For the measurements performed over the Arabian Peninsula, abundant carbonyls observed over 

the polluted regions were found to be related to strong photochemical oxidation, biomass burning 

events, and as direct emissions from oil/gas industries and marine transportation. Model-

measurement comparisons indicated important missing sources of acetaldehyde in the current 

model. By including an oceanic source, the model simulation improved significantly for most of 

the areas, especially for remote areas. The total OH reactivity measured over the polluted regions 

was comparable to urban areas with severe air pollution. Oxygenated VOCs (mostly carbonyls) 

accounted for the largest fraction of the total reactivity over the region where strong photochemistry 

occurred. The OH reactivity can be fully attributed to measured trace gases in half of the areas 

including the most polluted regions. It can also help to identify different chemical regimes 

regarding regional ozone formation and loss. 

Concerning the indoor human emissions characterization, a study was conducted in a climate 

chamber under controlled conditions. VOCs and total OH reactivity were measured for whole-

body, breath and dermal emissions with the effect of ozone. Acetone was found to be the most 

emitted carbonyl compound as well as VOC for breath-only and whole-body emissions. In the 



 

 

 

 

presence of ozone, the total emission rate (amount per person) of dermal emissions increased 

dramatically with the increase largely contributed by oxygenated VOCs, mainly carbonyls that 

were skin ozonolysis products. Similar species distribution was observed for whole-body emissions 

under ozone-free and ozone-present conditions. Emission rates obtained from the VOC 

measurements can be used in future indoor air models to better simulate the air chemistry of 

occupied environments. The total OH reactivity was applied for the first time indoors. The 

measured OH reactivity of four people in the ventilated chamber was comparable to the reactivity 

measured in cities. It agreed well with the calculated reactivity obtained from measured individual 

species, indicating major reactive compounds released by humans were well characterized. Ozone 

induced skin lipid chemistry increased the reactivity of human emissions substantially with the 

elevation caused mostly by carbonyl compounds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Zusammenfassung 

Carbonylverbindungen einschließlich Aldehyde und Ketone sind eine bedeutende chemische 

Gruppe der oxidierten, flüchtigen, organischen Verbindungen (VOC) in der Atmosphäre. Sie 

spielen eine wichtige Rolle in der Atmosphärenchemieund können sowohl direkt aus biogenen und 

anthropogenen Quellen freigesetzt werden als auch durch sekundäre photochemische Oxidation 

entstehen. Bildungs- und Verlustprozesse von Carbonylen hängen mit der troposphärischen 

Ozonbildung zusammen und können die Bildung von sekundären organischen Aerosolen 

beeinflussen. Aufgrund der unterschiedlichen Lebensdauer der Carbonyle können sie die 

Luftqualität sowohl regional als auch global beeinflussen. Außerdem können Carbonyle in 

Innenraumluft vorhanden sein, wo sich Menschen die meiste Zeit aufhalten. Die Exposition 

gegenüber einigen Carbonylen kann gesundheitsschädliche Auswirkungen haben. Carbonyle in 

Innenräumen können von Einrichtungsgegenständen/Materialien, aber auch vom Menschen 

emittiert werden, wobei letztere Quelle erst im letzten Jahrzehnt immer mehr Aufmerksamkeit 

gewann. Bei Vorhandensein von Oxidantien, die aus der Außenluft stammen oder innen erzeugt 

werden, können Carbonyle sekundär durch Oxidation gebildet werden. Sie tragen zum 

Gesamtverlust an OH-Radikalen bei, welcher wiederum dazu verwendet werden kann, die 

Gesamtheit reaktiver Spurengase in der Luft zu erklären. Um die Rolle der Carbonyle in der 

Luftchemie sowohl im Inneren, als auch im Freien besser zu verstehen, wurden in diesem 

Promotionsprojekt VOC- und OH-Gesamtreaktivitätsmessungen in der marinen Atmosphäre um 

die Arabische Halbinsel (Outdoor-Szenario) und in einer kontrollierten, mit Menschen besetzten 

Klimakammer (Indoor-Szenario) durchgeführt. Dabei wurde hauptsächlich die Protonentransfer-

Reaktions-Massenspektrometrie (PTR-MS), eine weiche, chemische Ionisationstechnik, eingesetzt. 

Bei den Messungen um die Arabische Halbinsel wurde festgestellt, dass die Carbonylverbindungen, 

die über den verschmutzten Regionen beobachtet wurden, mit starker photochemischer Oxidation, 

Biomasseverbrennungsereignissen sowie direkten Emissionen aus der Öl-/Gasindustrie und dem 

Seetransport zusammenhängen. Ein Vergleich von Modell und Messungen zeigte fehlende 

Acetaldehydquellen. Durch die Einbeziehung einer ozeanischen Quelle verbesserte sich die 

Modellsimulation für die meisten Gebiete erheblich, insbesondere für abgelegene Gebiete. Die 

über den verschmutzten Regionen gemessene OH-Gesamtreaktivität war vergleichbar mit 

städtischen Gebieten mit schwerer Luftverschmutzung. Sauerstoffhaltige VOCs (meist Carbonyle) 

machten den größten Anteil der Gesamtreaktivität in der Region aus, in der starke Photochemie 

auftrat. Die OH-Reaktivität kann durch gemessene Spurengase in der Hälfte der Gebiete, 

einschließlich der am stärksten verschmutzten Regionen, vollständig erklärt werden. Sie kann 

außerde, dazu beitragen, unterschiedliche chemische Systeme bezüglich regionaler Ozonbildung 

und -verluste zu identifizieren. 



 

 

 

 

Was die Charakterisierung der menschlichen Emissionen in Innenräumen betrifft, so wurde die 

Studie in einer Klimakammer unter kontrollierten Bedingungen durchgeführt. VOCs und die OH-

Gesamtreaktivität wurden für Ganzkörper-, Atem- und dermale Emissionen unter Ozoneinwirkung 

gemessen. Für reine Atem- und für Ganzkörperemissionen war Aceton die am stärksten emittierte 

Carbonylverbindung. Mit dem Vorhandensein von Ozon stieg die Gesamtemissionsrate (Menge 

pro Person) der dermalen Emissionen drastisch an, wobei der Anstieg hauptsächlich durch 

sauerstoffhaltige VOCs, größtenteils Carbonyle, verursacht wurde. Eine ähnliche Verteilung der 

Spezies wurde für Ganzkörperemissionen unter ozonfreien Bedingungen und solchen mit Ozon 

beobachtet. Die aus den VOC-Messungen gewonnenen Emissionsraten können in künftigen 

Modellen für Innenraumluft verwendet werden um die Luftchemie von bewohnten Umgebungen 

besser zu simulieren. Die Messung der OH-Gesamtreaktivität wurde zum ersten Mal in 

Innenräumen angewandt. Es stellte sich heraus, dass die OH-Reaktivität von vier Personen in der 

Kammer vergleichbar mit der in Städten gemessenen ist. Sie stimmte gut mit der berechneten 

Reaktivität überein, welche aus den gemessenen einzelnen Spezies erhalten wurde. Dies deutet 

darauf hin, dass die wichtigsten, vom Menschen freigesetzten, reaktiven Verbindungen gut 

charakterisiert waren. Die ozoninduzierte Chemie von Hautfetten erhöhte die Reaktivität der 

menschlichen Emissionen erheblich, wobei diese Erhöhung hauptsächlich durch 

Carbonylverbindungen verursacht wurde. 
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                                 Chapter 1. Introduction 

The role of carbonyl compounds in outdoor and indoor air chemistry 
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1.1 The role of carbonyl compounds in atmospheric chemistry 

Carbonyl compounds including aldehydes (RCHO) and ketones (RC(O)R), are important species 

in global atmospheric chemistry. With primary sources and secondary formation pathways as well 

as simultaneous photochemical removal, carbonyl compounds are involved in various complex 

reaction pathways, some of which are related to air pollution (Carlier et al., 1986). Carbonyls can 

also influence atmospheric aerosol through uptake and release from particle surfaces (Kroll et al., 

2005; Lary and Shallcross, 2000). Carbonyl compounds with lower molecular weight (C1-C3) are 

the most abundant carbonyls in the atmosphere (Lary and Shallcross, 2000). Therefore, 

formaldehyde (HCHO), acetaldehyde (CH3CHO) and acetone (CH3C(O)CH3) are the carbonyls 

that have been most often reported and discussed in the scientific literature. 

1.1.1 Major sources  

Atmospheric carbonyls have multiple primary sources that can be biogenic or anthropogenic in 

nature. They can be released from plants (especially those carbonyls with low molecular weight) 

and emission rates can vary profoundly with stress (Bourtsoukidis et al., 2014; Fall, 2003; Seco et 

al., 2007). Sea water is also known to be a natural source of carbonyls (Beale et al., 2013; Mopper 

and Stahovec, 1986; Sinha et al., 2007; Williams et al., 2004; Zhou and Mopper, 1997). Carbonyls 

have been also identified in biomass burning emissions (Holzinger et al., 1999; Koss et al., 2018). 

The anthropogenic emissions of carbonyls include industrial emissions (Kim et al., 2008; Pal et al., 

2008; Vaught, 1991), vehicle exhausts (Dong et al., 2014; Erickson et al., 2014; Kean et al., 2001) 

and solvent use (Yuan et al., 2010).  

Besides the primary emission sources, secondary photochemical oxidation of hydrocarbons is 

considered to be a substantial source for atmospheric carbonyls (Fortems-Cheiney et al., 2012; 

Jacob et al., 2002; Millet et al., 2010). In the atmosphere, the major oxidants are hydroxyl radicals 

(OH), ozone (O3) and NO3. Among the oxidants, OH is the dominant oxidant during the daytime 

and mostly responsible for the atmospheric oxidation capacity (Lelieveld et al., 2016). The major 

primary formation pathway for OH is through O3 photolysis, that generates electronically excited 

oxygen atom (O(1D)) that can react with water vapor (R1.1 and R1.2). 
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                                                                O3
ℎ𝑣
→  O(1D) + O2                                                                   (R1.1) 

                                                                O(1D) + H2O →  2OH                                                             (R1.2) 

Hydrocarbons in the atmosphere can react with OH and produce free radicals which undergo a 

sequence of further reactions involving nitric oxide (NO) and hydroperoxyl radcals (HO2) to 

produce carbonyls. Reactions 1.3 – 1.7 demonstrate the reaction mechanism of carbonyls produced 

from alkane (RH) oxidation (Finlayson-Pitts and Pitts Jr, 1999). 

                                                           RH + OH →  R ⋅ +H2O                                                          (R1.3) 

                                                           R ⋅ + O2
M
→ RO2 ⋅                                                                    (R1.4) 

                                                           RO2 ⋅ + NO →  RO ⋅ +NO2                                                  (R1.5) 

                                                           RO2 ⋅ + HO2 →  carbonyls + H2O + O2                     (R1.6) 

                                                           RO ⋅ + O2 →  carbonyls + HO2                                       (R1.7) 

For alkenes, instead of the hydrogen abstraction observed for alkanes, OH addition to the double 

bond forming an adduct is more common, although the same carbonyl producing reactions follow 

(R1.4 – R1.7). The RO radicals formed (hydroxyalkoxy radicals for alkenes OH adduction cases) 

can produce carbonyls via decomposition (smaller alkenes) and isomerization (larger alkenes) 

(Finlayson-Pitts and Pitts Jr, 1999). During the hydrocarbon oxidation process, with sufficient NO 

present, HO2 can convert NO to NO2 (R1.8). NO2 accumulated from R1.5 and R1.8 can produce 

an oxygen atom (O(3P)) through photolysis, leading to ozone formation (R1.9 and R1.10). Alkenes 

can also react with O3 to form carbonyl compounds via the ozonolysis reaction mechanism 

(detailed description in section 1.2.3). However, as the rate constants of ozone reacting with alkenes 

are several orders of magnitudes smaller than those of OH, the carbonyl formation contribution 

from O3 oxidation is usually only important during the night or early morning (Altshuller, 1993). 

                                                              HO2 + NO
hv
→  OH + NO2                                                 (R1.8) 

                                                              NO2
ℎ𝑣
→  O(3P) + NO                                                                   (R1.9) 

                                                              O(3P) + O2 → O3                                                                   (R1.10) 



 

 

4 

 

1.1.2 Major sinks 

OH oxidation, photolysis and deposition are the major sinks for carbonyl compounds (Fortems-

Cheiney et al., 2012; Jacob et al., 2002; Millet et al., 2010). Through OH oxidation and photolysis, 

free radicals are formed that can undergo similar reactions as for alkane OH oxidation (R1.4 – 

R1.7). These lead to formation of hydrogen oxide radicals (OH and HO2) (Colomb et al., 2006) as 

well as peroxycaboxylic nitric anhydrides (e.g. peroxyacetayl nitrate (PAN)), an important 

tropospheric reservoir for NOx (NO and NO2) (Fischer et al., 2014; Singh and Hanst, 1981; 

Williams et al., 2000). The atmospheric lifetime of carbonyl compounds varies significantly. In the 

lower troposphere, as the OH oxidation is the major removal pathway, it is the OH rate constants 

with carbonyls that determine the lifetime. For carbonyls with the same carbon number, aldehydes 

tend to react faster with OH compared to ketones (Atkinson and Arey, 2003). By assuming the 

atmospheric OH concentration of 1  106 molecules cm−3, the lifetime for acetaldehyde and acetone 

would be 18.5 h and 64 days, respectively according to their OH rate constants (acetaldehyde: 

𝑘𝑂𝐻=1.5  10-11 cm−3 molecule-1 s-1; acetone: 𝑘𝑂𝐻=1.8  10-13 cm−3 molecule-1 s-1) (IUPAC, 2019). 

For the upper troposphere, removal via photolysis for some carbonyls becomes more important 

(Singh et al., 1995). Global models that consider all major sinks and transport estimated the global 

mean lifetime of acetaldehyde to be within one day (Millet et al., 2010) and of acetone to be around 

11 days (Wang et al., 2020). Such a wide range of atmospheric lifetime allows carbonyls to be 

involved in local air chemistry but also in regional and even hemispheric air chemistry via air mass 

transportation.  

Ambient measurements of carbonyl compounds have been performed worldwide in various 

different ecosystems (marine, forests, rural/suburban region and urban area, Table 1.1) with mixing 

ratios ranging from several tens of ppt to several ppb. Formaldehyde, acetaldehyde and acetone are 

usually the most abundant carbonyls observed. Figure 1.1 shows the acetaldehyde and acetone 

mixing ratios measured in various ambient air environments selected from Table 1.1. In general, 

acetone always had higher mixing ratios than acetaldehyde, which is consistent with acetone having 

a longer atmospheric lifetime than acetaldehyde. Remote marine atmosphere had much lower (but 

still detectable) levels of carbonyls compared to the levels observed in other environments. This is 

mainly due to the absence of strong direct emission sources and precursor species. However, 

although the observation levels were relatively low, model predictions still have a large bias 

compared to measured carbonyl values, indicating missing formation or uptake mechanism (Read 
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et al., 2012; Wang et al., 2020; Wang et al., 2019).  For large forest ecosystems, although somewhat 

distant from anthropogenic emissions, the carbonyls mixing ratios were comparable to the mixing 

ratios measured in rural/suburban areas. It is mainly due to direct carbonyl emissions from the 

plants as mentioned in section 1.1.1 but also mainly because of abundant emissions of biogenic 

VOCs (e.g. isoprene and terpenes) which are precursors for carbonyl compounds (Müller et al., 

2006; Yáñez-Serrano et al., 2015). Rural and suburban areas generally have lower mixing ratios of 

carbonyls in comparison to those in urban area (see Table 1.1). However, levels remain highly 

dependent on the influence from particular nearby sources (vegetation and anthropogenic 

emissions) and the transport pathways of the air mass arriving at the measuring point (Derstroff et 

al., 2017; Jordan et al., 2009b; Yang et al., 2017a; Yang et al., 2019). In densely populated urban 

areas, the level of carbonyls can vary greatly from place to place and from season to season. The 

major contribution to carbonyl formation was local primary sources (e.g. vehicular emissions), 

regional or long-distance transportation and secondary photochemical production which generally 

had larger contribution during summer time because of stronger solar radiation (Guo et al., 2013; 

Legreid et al., 2007; Sahu and Saxena, 2015; Sheng et al., 2018).  
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Figure 1.1 Mixing ratios of acetaldehyde and acetone in different outdoor and indoor environments 

(data were chosen from Table 1.1 and Table 1.2).
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Table 1.1 Carbonyls measured in outdoor environments from literatures 

Location Time Technique 
Carbonyl species (ppb) (range) 

Reference 
Acetaldehyde Acetone Other carbonyls 

Remote: marine*       

Cape Verde Atmospheric 

Observatory (site) 
2006-2011 GC-FID 

0.43  

(0.19 - 0.67)  

0.55  

(0.23 - 0.91) 
n.r Read et al. (2012) 

Appledore Island, USA (site) Jul.-Aug. 2004 PTR-MS 0.4 ± 0.2    1.5 ± 0.7             
MEK: 0.2 ± 0.2  

MVK/MACR: 0.2 ± 0.3  
White et al. (2008) 

Atlantic Ocean (ship) 

(Northern Hemisphere) 
Oct.-Nov.2012 PTR-MS 0.18  0.6  n.r 

Yang et al. (2014) 
Atlantic Ocean (ship) 

(Southern Hemisphere) 
Oct.-Nov.2012 PTR-MS 0.08  0.2  n.r 

Remote: forest**       

Forest of downy oak trees  

(2 m height, inside the canopy), 

France 

May-Jun. 2014 PTR-MS 1.2 ± 0.2  2.4 ± 0.6  MVK/MACR: 0.4 ± 0.1  Zannoni et al. (2016) 

Amazon rainforest  

(4 m height, inside the canopy) 

Sep. 2013 dry 

season 
PTR-MS 0.47  1.38  MEK: 0.22  

Yáñez-Serrano et al. 

(2015) Amazon rainforest  

(4 m height, inside the canopy) 

Feb.-Mar. 2013 

wet season 
PTR-MS < 0.28  0.23  MEK: < 0.09  

Coniferous forest  

(12 m, in the tree top), Germany 

Summer 2001 and 

2002 

PTR-MS 

HPLC 
1.0 3.0 

Formaldehyde: 1.6 

MEK: 0.4 
Müller et al. (2006) 

Rural/Suburban       

Mount Tai, China Nov.-Dec.2017 HPLC 1.27 ± 0.78 3.57 ± 0.55 

Formaldehyde:  

3.48 ± 0.98 

MEK: 0.12 ± 0.08 

Benzaldehyde: 

0.16 ± 0.08 

Yang et al. (2017a) 

JX, Wuhan, China 2017 HPLC 1.85 ± 0.80 2.54 ± 1.72 

Formaldehyde:  

3.37 ± 1.99 

Propanal: 0.63 ± 0.97 

Benzaldehyde: 

0.06 ± 0.03 

Hexanal: 0.07 ± 0.03 

Yang et al. (2019) 

Cyprian rural site, Cyprus+ Jul.-Aug. PTR-MS 0.29  2.4  MEK: 0.1  Derstroff et al. (2017) 

Thompson Farm, USA 2004-2007 PTR-MS 
0.37 

(0.16-0.96) 

1.02 

(0.42-2.87) 

MEK: 0.13 (0.05-0.37) 

MVK/MACR: 0.07 (0.03-

0.78) 

Jordan et al. (2009b) 
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Urban       

Central Paris, France Winter 2010 
PTR-MS 

GC-FID 

1.87 

(0.92-4.49) 

1.05 

(0.58-2.97) 

MEK: 0.29 (0.06-0.94) 

MVK: 0.09 (0.02-0.44) 

Hexanal: 0.09  

Benzaldehyde: 0.07 

Dolgorouky et al. (2012) 

Zürich, Switzerland 2005-2006 GC-MS 
0.69  

(0.23-1.21) 

1.55 

(0.6-2.55) 

Formaldehyde: 2.09 

Propanal: 0.12 

MEK: 0.21  MVK: 0.04 

MACR: 0.02 

Benzaldehdye: 0.01 

Hexanal: 0.04 

Legreid et al. (2007) 

Beirut, Lebanon Aug.-Sep. 2004 HPLC 2.1 ± 1.0 5.0 ± 3.0 

Formaldehyde: 

4.6 ± 1.4 

Propanal: 1.5 ± 1.5 

Moussa et al. (2006) 

Beijing, China§ 
Dec. 2016 

(Clear day) 
PTR-MS 4.37 ± 3.39 2.22 ± 1.56 

Formaldehyde:  

18.32 ± 7.16 

MEK: 0.49 ± 0.51 

Benzaldehyde:  

0.25 ± 0.25 

Sheng et al. (2018) 

ZY, Wuhan, China 2017 HPLC 2.35 ± 0.94 2.88 ± 1.66 

Formaldehyde:  

4.90 ± 2.36 

Propanal: 0.66 ± 0.79 

Benzaldehyde: 

0.08 ± 0.04 

Hexanal: 0.08 ± 0.02 

Yang et al. (2019) 

Ahmedabad, India Winter 2013 PTR-MS 5.6 ± 1.3 6.1 ± 1.3 n.r Sahu and Saxena (2015) 

Tsuen Wan, Hong Kong Sep.-Nov.2010 HPLC 2.16 4.17 Formaldehyde: 2.93 Guo et al. (2013) 

* More literatures reported carbonyl levels under marine-influenced atmosphere are listed in Table 2.2 in Chapter 2. 

** Mixing ratios for carbonyl compounds represent daytime average values.  

+ Mixing ratios are averaged from the reported values in the literature. 

§ Mixing ratios are converted from concentrations in the unit of μg m-3. 

n.r: not reported in the literature. 
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1.2 The role of carbonyl compounds in indoor air chemistry  

1.2.1 Indoor air vs. outdoor air 

People spend most of their time indoors (80% - 90% on average), meaning indoor air quality can 

affect human health via long-term exposure. Outdoor air pollution was initially thought as the 

major driver of indoor air quality through ventilation, penetration and air exchange systems 

(Weschler, 2009). However later, as the buildings becoming tighter and less ventilated to save 

energy and expanded use of newly developed building materials and household products began, 

researchers identified that some volatile organic compounds were more abundant indoors. 

Moreover, some species were found to link with human health (Salthammer et al., 2018; Sundell, 

2017; Wolkoff and Nielsen, 2001). In the past 50 years, indoor air has obtained more and more 

attention, which can be ascertained from indoor air regulations and guidelines that are becoming 

progressively stricter.  

Among the indoor volatile organic compounds, carbonyls have been measured in various indoor 

environments (Table 1.2) due to their abundance and potential adverse health effects 

(formaldehyde in particular) (USEPA; Weng et al., 2009; Zhang et al., 1994). The indoor levels of 

carbonyls were usually found to be much higher than the outdoor levels, with the indoor to outdoor 

ratios up to 100 (Table 1.2). As shown in Figure 1.1, the mixing ratios of carbonyls (acetaldehyde 

and acetone) in a bedroom in a house located in central Washington State were over 10 times higher 

than the mixing ratios measured in outdoor polluted urban area in India.  In those studies, besides 

the contribution from outdoor air, emission from building materials, furniture and indoor facilities 

were usually identified as the sources for carbonyls. The contribution from occupants (humans) 

and especially the secondary formation of those carbonyls was rarely discussed in those studies. It 

is true that this may not be important in less occupied environments with other significant emission 

sources. However, as building materials and furniture become more environmental friendly (less 

emissions), emissions and chemistry involving people would be of greater importance, especially 

for those environments with high occupancy (cinemas, theatres, restaurants, clubs etc.). 

The indoor air quality not only depends on the emissions from sources but also involves multiphase 

chemistry as well as physical removal such as ventilation or filtration (Weschler, 2009). Therefore, 

in last two decades, more and more atmospheric scientists have focused their research on indoor 

air chemistry. Even though the same chemical reaction mechanisms for outdoor atmospheric 
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chemistry can also happen indoors, the indoor air chemistry differs a lot from that outdoors due to 

less sunlight, much more stable meteorological conditions (no rain, less fluctuation of temperature, 

wind and relative humidity), much less dilution, much larger surface-to-volume ratios, different 

driving sources for the chemicals etc. (Abbatt and Wang, 2020; Gligorovski and Weschler, 2013; 

Wells et al., 2017; Weschler and Carslaw, 2018; Young et al., 2019). Major aspects of indoor air 

carbonyl formation and removal that differ from outdoor air chemistry are listed as follows: 

 Primary emission sources: 

For indoor environments, carbonyls can be released from building materials, decorations 

(e.g. carpets), furniture and consumer products (Afshari, 2003; Cheng et al., 2015; 

Hodgson et al., 2002; Hodgson et al., 1993; Nazaroff and Weschler, 2004; Simon et al., 

2020). Human behaviors such as cooking, cleaning and incense burning are sources of 

carbonyls as well (Farmer et al., 2019; Lee and Wang, 2004; Zhang et al., 1994). Humans 

also release carbonyls via breath and skin, a source contributing to indoor carbonyls that is 

typically underestimated and will be discussed in detail in the section 1.2.2. 

 Major oxidants: 

Unlike outdoor environments, solar radiation is much weaker indoors. Therefore the major 

OH formation pathway (R1.1 and R1.2) through ozone photolysis as well as production 

through other precursor photolysis (e.g. formaldehyde and nitrous acid) are limited. 

Photolysis can still occur due to open or closed windows and indoor artificial lighting but 

the reaction rate is generally much slower compared to outdoor environments and it highly 

depends on locations, human activities and wavelength spectra of the lighting sources 

(Abbatt and Wang, 2020; Weschler and Carslaw, 2018; Young et al., 2019). Indoor OH 

concentrations have been measured and modelled in several studies and were found to be 

generally on the order of 105 molecules cm-3 (Carslaw, 2007; Carslaw et al., 2017; Waring 

and Wells, 2015; Weschler and Shields, 1996; White et al., 2010). High levels of OH 

radicals (on the order of 106 – 108 molecules cm-3) were observed under special scenarios 

where abundant nitrous acid were measured (Gómez Alvarez et al., 2013) or intensive 

cleaning activities were performed (Carslaw et al., 2017). Besides, above mentioned OH 

sources, ozonolysis reaction between ozone and unsaturated compounds is considered an 

important source (Carslaw et al., 2017; Sarwar et al., 2002; Weschler and Shields, 1996). 

Once OH radicals are formed, they can quickly react with VOCs indoors and yield 
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carbonyls as products similar to outdoor atmospheric chemistry (described in section 1.1.1). 

Here comes another important indoor oxidant– ozone. As shown in Figure 1.2, indoor 

ozone can be transported from outdoor air (through door and window frames even when 

closed) but it also can be produced from printers and air purifiers (Britigan et al., 2006; 

Tuomi et al., 2000). Ozone can not only initiate ozonolysis in gas phase but it also can react 

with various indoor surfaces and produce OVOCs, especially carbonyls (Coleman et al., 

2008; Morrison and Nazaroff, 2000; Pandrangi and Morrison, 2008; Weschler, 2000; 

Weschler, 2006; Zhou et al., 2016b). In addition, secondary organic aerosol (SOA) can be 

formed (Abbatt and Wang, 2020; Weschler and Carslaw, 2018). Ozone can also react with 

NOx (NO and NO2), producing another indoor oxidant, the nitrate radial (NO3), an 

important oxidant outdoor during the nighttime. However, NO3 radicals may be only an 

important oxidant under high ozone and low NO indoor conditions as high NO would 

titrate O3, which prevents formation of NO3 radicals (Young et al., 2019).  

 Air exchange:  

The air exchange between indoor and outdoor mainly includes opening windows/doors for 

ventilation, air-conditioning systems and building leakage, which makes it possible for 

outdoor carbonyl compounds to enter inside (Figure 1.2). The production and removal of 

carbonyls by indoor oxidants is therefore only important if the reaction time is much faster 

or competitive to the air exchange rate (changes h-1) (Weschler and Carslaw, 2018). It was 

observed by Weschler and Shields (2000) that the concentrations of compounds released 

from indoor pollution oxidation increased as the air exchange rate decreased. Indeed, as 

buildings have become more energy-efficient, the air exchange rate tends to be reduced, 

weakening the removal of indoor carbonyls through air exchange. 
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Table 1.2 Carbonyls measured in indoor environments from literatures 

Location Technique 

Carbonyl species (ppb)   

Reference 
Formaldehyde Acetaldehyde Acetone Other carbonyls 

Indoor/Outdoor 

ratios 

Office at research 

center, Mexico* 
HPLC 21.2 ± 3.7 10.6 ± 3.9 

37.5 ± 

32.0 
Propanal: 1.7 ± 1.8 1.0 – 9.6 

(Báez et al., 

2003) 

Indoor residential, 

USA 
HPLC 33.3 ± 17.9    10.1 ± 5.4 31.4 ± 70             

Propanal: 0.91 ± 0.39 

MEK: 0.71 

Benzaldehyde: 0.65 ± 

0.42 

Hexanal: 4.0 ± 2.4 

2.4-144.8 
(Jurvelin et al., 

2003) 

Indoor residential, 

USA* 
HPLC 16.4 10.3 3.4  

Propanal: 0.7 

Benzaldehyde: 0.7 

Hexanal: 0.9 

1.3 – 3.0 (Liu et al., 2006) 

Shopping centers, 

China* 
HPLC 49.7  4.7  13.7  Propanal: 1.0  1.5 – 3.3 

(Weng et al., 

2009) 

School library, Japan HPLC 45.5 12.0 n.r. 

Propanal: 1.6 

Benzaldehyde: 1.8 

Hexanal: 0.36 

5.2 – 17.3 
(Yamashita et al., 

2011) 

Office and meeting 

rooms, China* 
HPLC 18.4 ± 9.0 4.7 ± 2.2 11.1 ± 5.6 

Propanal: 0.6 ± 0.3 

C4 carbonyls: 1.1 ± 0.6 

Benzaldehyde: 0.2 ± 0.1 

Hexanal: 0.9 

1.4 – 3.6 
(Jiang and 

Zhang, 2012) 

Bedroom in a house 

(ventilation off), 

USA* 

PTR-MS 45.9 ± 0.2 79.4 ± 1.7 56.0 ± 1.3 MEK: 3.9 ± 0.2 14.6 – 27.2 

(Huangfu et al., 

2020) Bedroom in a house 

(ventilation on), 

USA* 

PTR-MS 30.2 ± 0.2 36.5 ± 0.2 15.5 ± 0.2 MEK: 1.1 ± 0.02 3.6 – 13.3 

* Mixing ratios are converted from concentrations in the unit of μg m-3 

n.r: not reported in the literature. 
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Figure 1.2 Humans as the major indoor VOCs sources and their interactions with major indoor 

oxidants. 
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1.2.2 Humans as a major source of indoor carbonyls 

Humans continuously emit thousands of volatile compounds from their bodies (e.g. via breath and 

skin). 12 compounds are ubiquitously present in different human bioeffluents and 7 of these are 

carbonyls: acetaldehyde, acetone, benzaldehyde, 2-butanone (MEK), hexanal, heptanal and octanal 

(de Lacy Costello et al., 2014). Acetone is known to be one of the most abundant VOCs in 

exhalation ranging from 100 – 2000 ppb. It is an endogenous compound produced from 

acetoacetate decarboxylation and iso-propanol dehydrogenation in the human body (Turner et al., 

2006). Other carbonyls are also present at much lower concentrations in the breath and they are 

mostly exogenous compounds that can vary enormously due to diet (food intake), smoking and 

previous exposure to compounds or pollutants under other environments (Bigazzi et al., 2016; de 

Lacy Costello et al., 2014; Filipiak et al., 2012). Besides acetone, isoprene is another major 

endogenous compound found in breath in the range of few ppb to several hundred ppb (Turner et 

al., 2005). Due to its two double bonds, isoprene can be quickly oxidized and can produce carbonyls 

indoors (e.g. methyl vinyl ketone and mathacrolein) (Tan et al., 2020).  

Compared to breath, the compounds emitted from human skin are more diverse and complex. These 

vary from different body parts but also from person to person (de Lacy Costello et al., 2014). 

Mochalski et al. (2014) identified more than sixty VOCs with carbon number four to ten emitted 

from human skin (arm and hand), where carbonyls (mostly aldehydes) and hydrocarbons 

dominated the composition and acetone, 6-methyl-5-hepten-2-one (6MHO) as well as acetaldehyde 

had the highest emissions. Carbonyls emitted by skin can be products not only of internal metabolic 

processes but also from oxidative degradation of skin (Mochalski et al., 2014). People continuously 

produce skin oil and skin flakes which contain abundant unsaturated compounds that can react 

rapidly with oxidants (e.g. ozone), and can be transferred to any other surface with human contact 

(Weschler, 2016; Weschler and Carslaw, 2018). Several studies have shown that the ozone uptake 

along with formation of carbonyls due to human occupancy are significant, including soiled 

clothing experiments (Arata et al., 2019; Coleman et al., 2008; Rai et al., 2014; Salvador et al., 

2019; Tamas et al., 2006; Wisthaler et al., 2005) and human subject experiments (Fischer et al., 

2013; Tamas et al., 2006; Weschler et al., 2007; Wisthaler and Weschler, 2010). In particular, the 

ozone removal due to occupants in a classroom was found to be 2.6 times larger than the amount 

removed by the unoccupied classroom, indicating from the enormous importance of high 

occupancy can have on indoor air chemistry (Fischer et al., 2013). The detailed ozone-initiated 
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reaction mechanism as well as carbonyl formation due to human occupancy will be examined in 

section 1.2.3. 

Several studies have reported the emission rates of carbonyls (μg h-1 p-1) under several indoor 

environments (see Table 1.3). Although the emission rates for the same compound varied from 

place to place, acetone usually had the highest emission rates among carbonyls. It’s worth noting 

that the amount of carbonyls (acetone and acetaldehyde) emitted per person per hour are generally 

much higher than the amount emitted per square meter per hour from unoccupied environments, as 

shown in Table 1.3. Therefore, for certain carbonyl compounds, the dominant contributor would 

be human emissions, especially if the indoor environment is small and fully occupied.  

Overall, as illustrated in Figure 1.2, through human body emissions, VOCs can be directly released 

in indoor air and can also be produced via surface reactions on human skin, hair, clothing etc. Those 

VOCs can undergo further reactions with indoor oxidants (ozone, OH and NO3 radicals) resulting 

in secondary production of VOCs (mostly oxygenated VOCs), and OH radicals can be reformed in 

the same reactions. Meanwhile, humans can also act as a sink of VOCs through breath and dermal 

uptake (He et al., 2019; Weschler and Nazaroff, 2014). In addition, human behaviors (e.g. using 

personal care products, eating, doing sports, cooking cleaning etc.) could make the emissions much 

more profound, affecting the indoor chemistry, and consequently influencing the indoor air quality 

as well as the exposure levels (Weschler, 2016). 

Table 1.3 Indoor emission rates of carbonyls from literatures 

Location Technique 
Carbonyl species  

Reference 
Formaldehyde Acetaldehyde Acetone 

Human emission rate (μg h-1p-1) 

Lecture room, 

China* 
HPLC No emission 14 244 

(Jiang and 

Zhang, 2012) 

Classroom, USA PTR-MS n.r. 114 1060 
(Tang et al., 

2016) 

Cinema, Germany PTR-MS 207 221 419 
(Stonner et al., 

2017) 

Museum gallery, 

USA 
PTR-MS n.r. 354 873 

(Pagonis et al., 

2019) 

Unoccupied room emission rate (μg h-1m-2) 
Lecture room, 

China 
HPLC 111 37 97 

(Jiang and 

Zhang, 2012) 

Bedroom in a 

house USA 
PTR-MS 81 26 31 

(Huangfu et al., 

2020) 

*Samples were collected after the lecture not during the lecture. 

n.r.: nor reported in the literature. 
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1.2.3 Skin lipid ozonolysis as a carbonyl formation pathway 

As mentioned in the previous section, ozone plays a critical role as an oxidant in indoor air 

chemistry. Figure 1.3 shows the main reaction mechanism of ozone reacting with hydrocarbons 

containing a double bond (alkene ozonolysis). These reactions can also be an important formation 

pathway for outdoor carbonyls during the night when ozone and unsaturated compounds are 

abundant (Altshuller, 1993). As shown in Figure 1.3, with ozone addiction to the double bond, the 

primary ozonide (POZ) is formed. Due to the inherent instability of the POZ, it quickly decomposes 

(via pathway a and b) to a carbonyl and a Criegee bioradical intermediate (Criegee, 1975). The 

Criegee intermediates can recombine with a carbonyl to form a larger secondary ozonide (not 

shown in the figure) or they can react with water to form hydroxyhydroperoxides which then 

decompose to carbonyls and hydrogen peroxide (Finlayson-Pitts and Pitts Jr, 1999). Criegee 

intermediates can also undergo isomerization, dissociation and rearrangement to form carbonyls, 

organic acids, esters and OH radicals. (Finlayson-Pitts and Pitts Jr, 1999). It was also found that 

Criegee intermediates can react with carboxylic acids to form hydroperoxide esters (Zhou et al., 

2019). Recent studies have observed that environments with higher relative humidity drive the 

reactions more towards forming carbonyl products even though the rate of ozone loss reacting with 

unsaturated compounds had no apparent humidity dependence (Arata et al., 2019; Heine et al., 

2017; Thornberry and Abbatt, 2004; Zhou et al., 2016a).  

 

Figure 1.3 Simplified and generalized reaction mechanism of alkene ozonolysis. 

Skin lipids consist of multiple chemical compounds, among which squalene, a C30 compound 

containing six carbon-carbon double bonds, accounts for ~ 50% of the unsaturated carbon bonds 

on a molar basis, followed by unsaturated fatty acids (e.g. cis-hexadec-5-enoic acid and cis-

octadec-8-enoic acid) (Nicolaides, 1974; Pandrangi and Morrison, 2008). Therefore, with human 

O3 + 

(POZ)

a b
a

b

+

+

H2O
+ H2O2
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presence in any indoor environment with ozone, ozonolysis can immediately occur and generate 

various other compounds following the reaction mechanism mentioned above. Various laboratory 

experiments have been done to identify the oxidation products of ozone reacting with squalene and 

some unsaturated fatty acids (Fruekilde et al., 1998; Petrick and Dubowski, 2009; Thornberry and 

Abbatt, 2004; Wisthaler and Weschler, 2010; Zhou et al., 2016a; Zhou et al., 2014). Table 1.4 lists 

major gas-phase oxidation products of squalene ozonolysis. Acetone, geranyl acetone, 6-methyl-

5-hepten-2-one (6MHO), hydroxyacetone and 1-hydroxy-6-methyl-5-hepten-2-one (OH-6MHO) 

are primary oxidation products from squalene ozonolysis but also secondary oxidation products 

from other precursors (larger primary oxidation products). Recently, results from a computational 

fluid dynamics (CFD) model have indicated that primary products showed higher mixing ratios 

(1.6-2 times) in the breathing zone than in the bulk room air (Lakey et al., 2019), which may 

increase the exposure to those carbonyls (e.g. 4OPA can cause irritancy and allergic responses) 

(Anderson et al., 2012). Besides the surface reactions, those produced gas-phase unsaturated 

carbonyls can undergo further ozone oxidation: 1) 6MHO can be formed from geranyl acetone 

ozonolysis; 2) 4OPA can be formed from geranyl acetone and 6MHO ozonolysis; 3) acetone and 

hydroxylacetone can be formed from nearly all of those unsaturated carbonyl ozonolysis reactions. 

In terms of ozone oxidation of unsaturated fatty acids, linear aldehydes are the dominant 

compounds formed (e.g. decanal, nonanal and hexanal).  

Under real indoor conditions with human subjects or with skin oil soiled clothing measurements, 

along with the ozone drop, those aforementioned oxidation products show a substantial increase. 

A series of studies performed in a simulated aircraft cabin indicated that without ozone present, by 

simply putting worn T-shirts into the cabin, the total VOC mixing ratio was comparable to that of 

the empty cabin. However, with ozone present the mixing ratio doubled for the empty cabin and 

tripled for the cabin with T-shirts (Wisthaler et al., 2005).  In addition, with ozone present, human 

occupancy significantly elevated the squalene oxidation products with the acetone increase even 

comparable to the breath acetone emissions (Weschler et al., 2007). Later on, Wisthaler and 

Weschler (2010) performed experiments in a simulated office and found that 6MHO was slightly 

elevated (0.2 ppb) when people entered the office where no ozone was present but was dramatically 

elevated to 1.8 ppb after ozone was injected. After people left the office, 6MHO decreased 

immediately while 4OPA still increased for a while, indicating it is a secondary product of squalene 
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oxidation. In a fully occupied classroom, both 6MHO and 4OPA were measured in the air and had 

higher concentrations than the levels measured after students left (Fischer et al., 2013).  

Overall, ozone-initiated skin oil oxidation diversifies the indoor carbonyl species and can elevate 

the carbonyl concentrations. It is an essential formation pathway of unsaturated carbonyls but also 

a sink for those compounds. Interestingly, the same reactions also occur under ambient outdoor 

environments. Acetone, 6MHO and 4OPA were formed from ozone oxidation on the surface of 

plant leaves containing epicuticular wax (Fruekilde et al., 1998); Hexanal and other carbonyls were 

identified from ozone reacting with the sea surface microlayer containing unsaturated fatty acids 

(Zhou et al., 2014). 
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Table 1.4 Major gas-phase products of squalene ozonolysis (the table is modified from Table 1 in 

Wisthaler and Weschler (2010) and Table 1 in Lakey et al. (2017)) 

Squalene C30H50 
 

 

Name Formula Structure 
Primary 

/secondary  

Vapor 

pressure at 

298K (Pa) 

Further 

ozonolysis 

Acetone C3H6O 
 

P and S 3.09  104   

Geranyl acetone C13H22O 
 

P and S 3.35   

6-methyl-5-hepten-2-one  

(6MHO) 
C8H14O 

 
P and S 238   

Hydroxyacetone C3H6O2 
 

P and S 555*   

1-Hydroxy-6-methyl-5-

hepten-2-one 

(OH-6MHO) 

C8H14O2 
 

P and S n.a.   

4-methyl-8-oxo-4-

nonenal 

(4MON) 

C10H16O2 
 

S 3.19   

4-methyl-4-octene-1,8-

dial 

(4MOD) 

C9H14O2 
 

S 4.72   

1,4-butanedial C4H6O2  S 697   

4-oxopentanal 

(4OPA) 
C5H8O2 

 
S 454   

5-hydroxy-4-

oxopentanal 
C5H8O3 

 
S n.a   

4-oxopentanoic acid C5H8O3 

 

S n.a   

4-oxobutanoic acid C4H6O3 
 

S n.a   

*vapor pressure is derived from Petitjean et al. (2010). 
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1.3 OH reactivity 

As mentioned in section 1.1, OH radicals serve as an atmospheric cleaning agent or “detergent”, 

which can react with nearly all VOCs in the air. The OH reactivity refers to the loss frequency of 

OH radicals, given in the unit of s-1. Thus, the total OH reactivity refers to the summed reaction 

frequency of all components that can react with OH radicals in the air, which is the inverse of the 

OH lifetime (𝜏𝑂𝐻): 

𝑅𝑡𝑜𝑡𝑎𝑙 =
1

𝜏𝑂𝐻
= ∑𝑘𝑋𝑖+𝑂𝐻[𝑋𝑖]                                                (Eq. 1.1) 

where [𝑋𝑖] refers to the concentration of VOC species i and 𝑘𝑋𝑖+𝑂𝐻  is the rate constant (cm3 

molecule-1 s-1) of species i reacting with OH radicals.  

The OH reactivity depends on the VOCs present in the measured air rather than the oxidant (OH 

radicals). From Eq. 1.1, the OH reactivity from certain species can be calculated if their 

concentrations and the OH rate constants are known. By summing up the calculated OH reactivity 

from measured individual species, the total OH reactivity (𝑅𝑡𝑜𝑡𝑎𝑙) can be calculated. However, as 

there are thousands of VOCs present in the air, it is impossible to achieve complete characterization 

of VOCs. Therefore, direct measurement of the total OH reactivity is a measure that accounts for 

the whole reaction potential of OH radicals reacting with VOCs and any other inorganic species 

such as NO and NO2. By comparing the measured OH reactivity and the estimated OH reactivity 

(calculated using Eq. 1.1), the completeness of VOCs measurements can be assessed. If the 

estimated reactivity is significantly lower than the measured reactivity, it indicates that there are 

important unmeasured VOC species present, resulting in the missing or unattributed OH reactivity. 

If the measured and estimated reactivity are comparable (no missing reactivity), a budget analysis 

of the fractional contribution of each VOC to OH reactivity can help to understand the major sinks 

of OH radicals in the atmosphere. In addition, the OH reactivity measurement gives a new 

perspective to determine the ozone production sensitivity using the OH reactivity of NOx and VOCs 

(Kirchner et al., 2001) compared to the traditional O3 sensitivity driven by VOCs/NOx ratios 

(Seinfeld and Pandis, 2016) in which comprehensive VOC measurements are usually difficult to 

achieve.  

The OH reactivity measurements and their comparison to the calculated OH reactivity have been 

performed under various atmospheric environments globally. High loadings of OH reactivity (10 



 

 

21 

 

to >100 s-1) are usually observed in densely populated urban areas where the air pollution 

(including NOx) is relatively severe and in forest areas where the emissions of reactive biogenic 

VOCs are strong. The OH reactivity in suburban areas is highly dependent on the air mass origin 

(Yang et al., 2016). In contrast, the OH reactivity in the marine boundary layer has been measured 

at a much lower level, less than 2 s-1 (Thames et al., 2020). The VOC fractions contributing to the 

reactivity also vary from place to place. In urban areas where anthropogenic emissions drive air 

pollution, NOx, CO and anthropogenic hydrocarbons usually contribute the most to the total 

reactivity (Kim et al., 2016; Praplan et al., 2017; Yang et al., 2017b; Yang et al., 2016). In forests, 

the major OH reactivity contribution is from biogenic hydrocarbons (isoprene and terpenes) 

(Nölscher et al., 2016; Praplan et al., 2019; Zannoni et al., 2016). For suburban areas, besides the 

aforementioned species, the reactivity fractions from carbonyls increase, comparable to NOx and 

CO (Yang et al., 2016). Besides the limited local VOCs emission sources, the air masses reaching 

suburban areas are usually influenced by anthropogenic and/or biogenic emissions containing 

abundant hydrocarbons that are precursors of carbonyls. Therefore, more chemically aged air 

containing the relatively long-lived oxygenated VOCs is expected in suburban regions.  

For the previously mentioned studies, where OH reactivity has been measured, missing OH 

reactivity was commonly identified with generally more significant missing fractions found in 

forests, indicating the existence of unmeasured reactive species. In recent years, due to the 

availability of high-resolution mass spectrometers (e.g. proton transfer reaction mass spectrometer 

equipped with time-of-flight as the mass analyzer, PTR-ToF-MS, details of the technique is given 

in section 1.4), many more VOC species (especially OVOCs) can be measured. OVOCs were 

hypothesized to be partially responsible for the missing reactivity in several studies in which 

including additional modelled OVOCs lowered the unattributed reactivity (Lou et al., 2010; 

Whalley et al., 2016). A recent study done by Millet et al. (2018) confirmed that by including more 

ions measured by PTR-ToF-MS (over 100), the measured reactivity flux in the forest (Michigan, 

USA) can be mostly attributed by the calculated reactivity flux (> 99%). While at the same site Di 

Carlo et al. (2004) reported significant missing reactivity (30%) many years ago in which only 8 

OVOCs were measured. 

As the OH radicals are of great importance in tropospheric chemistry, the OH reactivity has been 

often studied in outdoor air. Only in recent years, researchers have started to realize that the indoor 

OH radicals can also be a meaningful oxidant, impacting the indoor chemistry as introduced in 
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section 1.2.1. Thus, it is also important to characterize the overall loss rate of indoor OH radicals 

(total OH reactivity). However, up to now, studies focusing on this topic are limited. Price et al. 

(2019) estimated the total OH reactivity of a museum gallery room based on VOCs measured by 

high-resolution mass spectrometers and compared the level with the calculated total OH reactivity 

of other indoor (classroom and residence) and outdoor (megacity, urban, rural and remote areas) 

environments. The indoor total OH reactivity (10 - 50 s-1) are generally comparable to polluted 

urban areas and are higher than those rural and remote areas. The average OH reactivity in the 

gallery room was 19 s-1 with low occupancy and it increased by 73% with high occupancy during 

an opening event, which indicates the great impact brought about by humans to the indoor OH loss 

frequency. However, prior to the work contained in this thesis the direct measurement of indoor 

OH reactivity was still lacking let alone indoor environments dominated by human emissions. 

Furthermore, the question of whether there is missing reactivity in indoor environments remained 

unknown. 

1.4 Proton transfer reaction mass spectrometer (PTR-MS) 

Proton-transfer-reaction mass spectrometry (PTR-MS) is a chemical ionization technique, which  

was developed in late 20th century by Lindinger and co-workers in Austria (Lindinger et al., 1998). 

Due to its fast response time, high sensitivity and no need for pre-concentration, PTR-MS has been 

widely applied in various research areas for real-time VOC measurements in last two decades (Ellis 

and Mayhew, 2013; Yuan et al., 2017), such as environmental science (outdoor and indoor), food 

science, medical science and homeland security. As PTR-MS is the key monitoring technique used 

among the work presented in the thesis, detailed working principles, instrument set-up as well as 

its implementation in the total OH reactivity measurement method are described in this section. 

1.4.1 PTR-QMS and PTR-ToF-MS 

The key working principle of PTR-MS is that a trace gas (𝑅) that has proton affinity (PA) higher 

than water (691 kJ mol-1 (NIST, 2018)) can be protonated via proton transfer reaction with 

hydronium ions (H3O
+); and the product ions (𝑅𝐻+) are then measured by mass spectrometers. The 

major atmosphere components (N2, O2, Ar and CO2) have lower PAs than water, while trace-level 

VOCs especially oxygenated VOCs usually have higher PAs than water (NIST, 2018), which 

makes PTR-MS an ideal technique for ambient measurements.  
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As shown in Figure 1.4, by introducing water vapor into the ion source, the primary ions (H3O
+) 

are generated by a hollow cathode discharge in the ion source (not shown in the figure).  The 

primary ions are then transported to the drift tube where the proton transfer reactions of trace gases 

occur. Inside the drift tube, a homogeneous electric field is established, which limits the cluster-

ion formation and helps the ion transport over the drift tube (de Gouw and Warneke, 2007). The 

ions are then measured by mass spectrometers.  

The quadrupole mass spectrometer (QMS) was originally utilized as the detector for PTR-MS. As 

shown in the left diagram of Figure 1.4, ions are extracted from the drift tube through a nose cone 

to the QMS which consists of a mass filter and an electron multiplier (de Gouw and Warneke, 

2007). The selected-ion mode is usually used to monitor masses of interest instead of scan mode 

due to the limited time resolution. As PTR-QMS can only measure nominal masses, it is not able 

to identify isobaric compounds. Therefore, PTR-QMS is suitable for measurements where the 

compounds of interest are known and have no interference from isobaric compounds. Later, PTR-

MS using a time-of-flight mass spectrometer (PTR-ToF-MS) was developed with high sensitivity 

and mass resolution (Graus et al., 2010; Jordan et al., 2009a). As shown in Figure 1.4 (right), ions 

from the drift tube are transferred to the detector lens system. Before being extracted to the 

reflectron time-of-flight area, ions are accelerated along the direction perpendicular to the 

continuous ion beams (so-called orthogonal acceleration). As there is no electrical field within the 

flight region, the velocity remained constant for ions entering the time-of-flight region. Since the 

kinetic energy of ions after acceleration is the same, the time for ions to reach the detector depends 

on the mass-to-charge ratio (m/z). Therefore, heavier ions need longer time to reach the detector 

than those lighter ions. Compared to PTR-QMS, PTR-ToF-MS significantly improved the time 

resolution (down to 10 Hz) and the mass identification range by giving a whole spectrum (m/z up 

to 500). In addition, due to much higher mass resolution (m/∆m in the range of 4000-5000), PTR-

ToF-MS is able to separate some nominally isobaric compounds, which allows assignment of 

chemical formulas to the measured exact masses. This significantly enlarges the number of 

compounds that can be quantified and reduces the interference issues existing for the PTR-QMS.   
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Figure 1.4 Diagram of working process for PTR-QMS (a) and PTR-ToF-MS (b). Picture source: 

https://www.ionicon.com 

 

 

(a) 

(b) 

https://www.ionicon.com/
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In theory, no standard calibrations are needed for compound quantification by using PTR-MS. 

Based on the proton transfer reactions, the concentration of protonated trace gas (RH+) is linear to 

the concentration of the trace gas (R) as shown by following equation: 

[𝑅𝐻+] = [𝐻3𝑂
+]𝑘[𝑅]∆𝑡                                                         (Eq.1.2) 

In the equation, [𝐻3𝑂
+] is the concentration of hydronium ions. k is the proton-transfer reaction 

rate constant of trace gas R, and  ∆t is the reaction time in the drift region. What is eventually 

detected by the detector is the signal intensity I (count rate), which is proportional to the compound 

concentration in the drift tube and related to its transmission efficiency T. The transmission 

efficiency varies with m/z and a relative transmission curve (TRH
+/TH3O

+ vs. m/z) can be derived for 

each instrument by measuring the gained signal of RH+ and lost signal of H3O
+ with varying trace 

gases which should have negligible fragments in PTR. Therefore, for compounds known to have 

no fragmentation, the mixing ratio of that trace gas can be determined by knowing the relative 

transmission ratio, the rate constant and the reaction time. However, fragmentations do occur for 

some compounds especially for those with large molecular weight, for example, dehydration of 

alcohols, aldehydes and carboxylic acids, loss of alkyl group for hydrocarbons and so on (Yuan et 

al., 2017). Large uncertainty will occur if above mentioned calculation method is used for those 

compounds. In addition, the uncertainty from the rate constant determination (both theoretic 

calculation and experimental values) remains relatively large, which is around  25% and can be as 

large as 50% (Ellis and Mayhew, 2013). Therefore, if one needs to accurately quantify the 

concentrations, calibrations with standard gases are necessary. Moreover, measuring the air sample 

with changing humidity would impact the sensitivity of some compounds, which complicates the 

ion chemistry in the drift tube (Warneke et al., 2001). Calibrations under varying humidity  should 

also be performed for more accurate quantitative analysis. 

PTR-MS has been widely used in various outdoor environments to monitor the VOCs (especially 

OVOCs) compared to indoor environments (Farmer, 2019). Selected studies characterized outdoor 

and indoor carbonyl compounds using PTR-MS can be found in Table 1.1, Table 1.2 and Table 

1.3.   
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1.4.2 Total OH reactivity measurement: comparative reactivity method 

(CRM) 

The direct measurement of total OH reactivity started around 2000, and was based on laser induced 

fluorescence (LIF) detection of OH decay  (Calpini et al., 1999; Kovacs and Brune, 2001). Later 

on in 2008, a new method termed comparative reactivity method (CRM) was developed, based on 

comparing the OH reactivity of a known reference reagent (a VOC) with the OH reactivity of 

ambient air (Sinha et al., 2008). Instead of directly measuring the OH, as for the LIF method, CRM 

tracks the variation of the reference species where PTR-QMS is used as the detector. Compared to 

LIF instruments, the CRM set-up is more affordable, transportable and does not require a large 

inlet flow. Since the CRM was developed, it has been improved and applied in various ambient 

measurements (Hansen et al., 2015; Kim et al., 2016; Michoud et al., 2015; Nölscher et al., 2016; 

Praplan et al., 2019; Williams et al., 2016; Zannoni et al., 2017). A recent inter-comparison study 

between LIF instruments and CRM setups done by Fuchs et al. (2017) showed that although the 

CRM has higher detection limit compared to LIF, the two setups have a generally good agreement 

with each other. 

The major components of the CRM are a glass reactor and the detector (PTR-QMS) as shown in 

Figure 1.5. A gas chromatograph coupled with a photo ionization detector (GC-PID) can be used 

as the detector as well (Nölscher et al., 2012; Praplan et al., 2019). Pyrrole (C4H5N) is the most 

widely used reference reagent for the CRM as it is rarely present in the ambient air; it has a known 

relatively fast rate constant reacting with OH (𝑘𝑃𝑦𝑟𝑟𝑜𝑙+𝑂𝐻 = 1.26 10−10 cm3 molecule−1 s−1, (Dillon 

et al., 2012)) and it can be measured by the detector with good sensitivity (Sinha et al., 2008). The 

OH radicals are generated inside the reactor via water photolysis using a pen-ray mercury UV lamp 

(λ=185 nm, located inside the arm where humidified pure nitrogen is introduced, see Figure 1.5). 

There are three running modes (C1, C2 and C3) implemented to determine the total OH reactivity 

in which pyrrole are measured by PTR-QMS at m/z 68 (C4H5NH+).  

The pyrrole level under C1 mode represents the total amount of the reference reagent that is 

introduced in the system without any reaction with OH radicals. It was originally achieved by 

introducing dry pure nitrogen through the arm where the UV lamp is located (switched on) together 

with pyrrole and zero air introduced from the other arm (Sinha et al., 2008). However, it is difficult 

and usually takes long time to reach pure dry condition inside the reactor. Therefore, the scavenger 
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method was developed by introducing a high concentration of a specific VOC (e.g.  propane) mixed 

with zero air through the sample air arm shown in Figure 1.5. In this way, there is no need to 

achieve dry conditions in the reactor. Instead, the humidified nitrogen airflow can be kept the same 

as it is needed for C2 and C3 modes because the OH radicals produced are fully consumed by the 

scavenger (Zannoni et al., 2015). The UV lamp needs to be switched on in C1 mode so that the 

loss of pyrrole due to photolysis (up to 15%) is taken into account. In C2 mode, the flow setup is 

the same as C1 except for the scavenger in which only zero air is introduced. Due to reaction with 

OH radicals, the measured pyrrole level drops under the C2 mode of operation. The difference 

between C1 and C2 mode corresponds to the amount of OH radicals generated inside the reactor. 

In C3 mode, the zero air is replaced by the sampling air which causes pyrrole level elevation as 

VOCs in the sample air compete with pyrrole to react with OH radicals. By switching between C2 

mode and C3 modes, the real-time total OH reactivity can be calculated using following equation:          

                                                           𝑅 =
[𝐶3−𝐶2]

[𝐶1−𝐶3)]
∙ 𝐶1 ∙ 𝑘𝑃𝑦𝑟𝑟𝑜𝑙+𝑂𝐻                                    (Eq. 1.3) 

where C1, C2 and C3 refer to pyrrole concentrations (molecules cm−3) measured in the 

corresponding mode, and kpyrrol+OH refers to the rate constant of pyrrole reacting with OH radical 

(Dillon et al., 2012). As the pyrrole level under C1 mode tends to be stable if the introduced pyrrole 

concentration is fixed throughout the measurements, the C1 determination mode can be performed 

before and after the measurement depending on the real measurement time schedule.  
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Figure 1.5 Key working principle of the comparative reactivity method (CRM) 

Several interferences do exist for the CRM system and corrections need to be applied depending 

on the measured environments (Fuchs et al., 2017; Michoud et al., 2015; Sinha et al., 2008). In 

general, following corrections need to be considered: 

 PTR-MS humidity dependence of pyrrole:  

As mentioned in 1.4.1, for some compounds the sensitivity is dependent on the relative 

humidity of sample air. Pyrrole is found to have such an effect (Sinha et al., 2009), thus 

calibrations under different humidities are needed to correct this effect. 

 Humidity difference between C2 mode and C3 mode:  

The zero air running for C2 mode is usually generated by introducing the sample air into a 

catalytic converter so that the relative humidity can be kept comparable with the sampled 

air under C3 mode. However, the difference still exists (usually C3 mode has slightly higher 

humidity than C2 mode) and this leads to extra production of OH radicals inside the reactor. 

Therefore, tests involving introducing zero air with different humidities need to be done to 

correct the pyrrole level in C2 mode (Michoud et al., 2015). 
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 Extra OH radicals produced under high NOx and ozone environments:  

As OH radicals are produced via water photolysis, hydrogen radicals are formed as well, 

and these further react with oxygen producing hydroperoxyl radicals (HO2).  NO and ozone 

can rapidly react with HO2 radicals to generate extra OH radicals inside the reactor. 

Although NO2 would not directly react with HO2 radicals, it can be photolyzed to NO due 

to the UV lamp. Therefore, extra tests of adding NOx and ozone at different levels into the 

reactor are needed to obtain the correction factor (Fuchs et al., 2017).  

 Correction for not being at pseudo-first-order conditions:  

Eq. 1.3 is based on the assumption of pseudo-first-order conditions where [pyrrole] >> 

[OH]. However, it is difficult to fully achieve this condition together with a reasonable 

sensitivity (pyrrole level difference between C3 mode and C2 mode) (Sinha et al., 2008). 

A relationship between [pyrrole] to [OH] ratio obtained as C1/(C1-C2) and the deviation 

of different VOC species from pseudo-first-order condition (true reactivity as expected) can 

help to correct the interference (Michoud et al., 2015). The deviation can be obtained by 

introducing varying known amount of VOC species in to the reactor and compare the 

measured reactivity to the expected reactivity.  

As the CRM setup condition can vary over time (aging of the reactor as well as the UV lamp, 

PTR-MS sensitivity etc.) and the measuring conditions are different, ideally, characterization 

of the aforementioned interferences should be performed onsite and justified according to the 

measuring conditions (relative humidity range, temperature, expected dominant reactive 

species etc.). The corrections applied under specific measurements are described in greater 

details in Chapter 3 and 5.  

1.5 Open research questions and thesis outline 

For both outdoor and indoor air, carbonyl compounds can be generated from primary and 

secondary sources and they can play important roles in air chemistry. Exposure to high levels of 

carbonyls (aldehydes in particular) can cause adverse health effects (USEPA). These compounds 

are especially important for indoor air environments as people usually spend much more time 

indoors than outside. Meanwhile, due to the various chemical reactions that carbonyls can be 

involved in, they can impact ozone formation (outdoor), free radical budget (outdoor and indoor), 

secondary organic particle formation (indoor and outdoor) as well as producing other organic 
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compounds having higher toxicity (indoor and outdoor). Therefore, real-time measurement of 

carbonyl compounds as well as other VOCs can help to document their variations so that we can 

better understand the air chemistry involving carbonyls. In addition, through the comparison 

between direct measurement of the total OH reactivity and the estimated OH reactivity, we can 

determine the existence of important reactive species in the air that are not captured by current 

measurement techniques and see how important the carbonyl contribution to the total OH reactivity 

is in air. 

PTR-MS is a soft ionization technique that has been widely applied in various research fields to 

monitor VOCs due to its rapid response and high sensitivity (Ellis and Mayhew, 2013; Yuan et al., 

2017). It is the main technique applied in this doctoral project to characterize VOCs and measure 

the total OH reactivity outdoor (Chapter 2 and 3) and indoor (Chapter 4 and 5). 

Chapter 2 and 3 focus on the outdoor carbonyl characterization and the total OH reactivity around 

the Arabian Peninsula. Due to strong solar radiation, high temperature and hotspots of 

anthropogenic emissions (petroleum industries), the regional ozone air pollution is predicted to be 

severe (Lelieveld et al., 2009). However, ambient measurement data over the region is scarce. 

Therefore, on-line VOCs and total OH reactivity measurements were implemented on a research 

vessel that travelled around the Arabian Peninsula. Chapter 2 presents the regional concentration 

distributions and budget assessment of carbonyls measured by PTR-ToF-MS. In addition, 

comparisons between the measurement results and model estimations were performed for major 

carbonyls (acetaldehyde, acetone and methyl ethyl ketone) to further identify their sources and 

formation pathways. In Chapter 3, the measured total OH reactivity was compared to the 

calculated OH reactivity by considering more than 120 species measured by PTR-ToF-MS and 

other instruments. Budget analysis indicates that OVOCs (mostly carbonyls) dominated the 

fractional contribution to the total OH reactivity. The measured OH reactivity was also utilized to 

identify the favorable conditions for ozone formation over the region. 

Chapters 4 and 5 focus on the characterization of carbonyls as well as the total OH reactivity 

under a well-controlled indoor environment dominated by human emissions. Humans are a potent 

source of thousands of VOCs (de Lacy Costello et al., 2014). With the development of technology 

as well as the stringent rules and regulations, the emissions from building materials, decorations 

and furniture are expected to decrease in the future, which makes the role of human emissions more 
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and more important in indoor environments. Several studies have reported human VOC emissions 

in real life indoor environments (Liu et al., 2016; Pagonis et al., 2019; Stonner et al., 2017; Tang 

et al., 2016), which were usually characterized together with other variables such as use of personal 

care products and fragrance, indoor furnishings and furniture. Detailed characterization of indoor 

human whole-body emissions, separate breath and skin emissions under controlled conditions 

(temperature, relative humidity and ozone) are lacking. Chapter 4 describes the emission rates of 

VOCs from the human whole body, breath and skin under ozone-free and ozone-present conditions, 

which were also compared with the emission rates reported by other studies. The emission rates of 

carbonyl compounds increased sharply when people were exposed to high levels of ozone. A first 

indoor OH reactivity measurement is presented in Chapter 5, which aims to determine whether 

the indoor human emissions are completely characterized by the current trace gas measurements, 

and to know to what extent ozone can influence the OH reactivity and the contribution from 

carbonyl compounds to the total OH reactivity.  

In Chapter 6, major observations and findings for the doctoral project are summarized with further 

discussion of the links between outdoor and indoor air chemistry related to carbonyl compounds. 

Implications and future outlooks are discussed as well in this chapter.  
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Abstract  

Volatile organic compounds (VOCs) were measured around the Arabian Peninsula using a research 

vessel during the AQABA campaign (Air Quality and Climate Change in the Arabian Basin) from 

June to August 2017. In this study we examine carbonyl compounds, measured by a proton transfer 

reaction mass spectrometer (PTR-ToF-MS), and present both a regional concentration distribution 

and a budget assessment for these key atmospheric species. Among the aliphatic carbonyls, acetone 

had the highest mixing ratios in most of the regions traversed, varying from 0.43 ppb over the 

Arabian Sea to 4.5 ppb over the Arabian Gulf, followed by formaldehyde (measured by a Hantzsch 

monitor, 0.82 ppb over the Arabian Sea and 3.8 ppb over the Arabian Gulf) and acetaldehyde (0.13 

ppb over the Arabian Sea and 1.7 ppb over the Arabian Gulf). Unsaturated carbonyls (C4–C9) varied 

from 10 to 700 ppt during the campaign and followed similar regional mixing ratio dependence to 

aliphatic carbonyls, which were identified as oxidation products of cycloalkanes over polluted 

areas. We compared the measurements of acetaldehyde, acetone, and methyl ethyl ketone to global 

chemistry-transport model (ECHAM5/MESSy Atmospheric Chemistry – EMAC) results. A 

significant discrepancy was found for acetaldehyde, with the model underestimating the measured 

acetaldehyde mixing ratio by up to an order of magnitude. Implementing a photolytically driven 

marine source of acetaldehyde significantly improved the agreement between measurements and 

model, particularly over the remote regions (e.g. Arabian Sea). However, the newly introduced 

acetaldehyde source was still insufficient to describe the observations over the most polluted 

regions (Arabian Gulf and Suez), where model underestimation of primary emissions and biomass 

burning events are possible reasons. 
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2.1 Introduction 

Carbonyl compounds (aldehydes and ketones) can be released into the air directly from a variety 

of primary biogenic and anthropogenic sources. These include biomass burning (Holzinger et al., 

1999, 2005; Koss et al., 2018), fossil fuel combustion (Reda et al., 2014; Huang et al., 2018) 

including vehicles (Erickson et al., 2014; Dong et al., 2014), industrial solvent use (Kim et al., 

2008), and natural sources including plants and plankton (Zhou and Mopper, 1997;Warneke et al., 

1999; Jacob et al., 2002; Fall, 2003; Williams et al., 2004; Bourtsoukidis et al., 2014). However, 

secondary production via the atmospheric oxidation of hydrocarbons is considered to be more 

important for many carbonyl compounds including acetone and acetaldehyde (Jacob et al., 2002; 

Millet et al., 2010).  

Carbonyls have several important roles in the atmosphere. They form as stable intermediates 

directly after hydrocarbon oxidation by hydroxyl radicals, O3, or NO3 when the peroxy radicals 

initially formed react with each other (permutation reactions) or with NO. Their production is 

linked to tropospheric ozone formation (Carlier et al., 1986), and their loss, through oxidation and 

photolysis, is an important source of hydroxyl and hydroperoxyl radicals (HOx) in the dry upper 

troposphere (Colomb et al., 2006). Carbonyls serve as precursors of peroxyacetyl nitrates (PANs), 

which are important atmospheric NOx (NO and NO2/ reservoir species (Finlayson-Pitts and Pitts, 

1997; Edwards et al., 2014; Williams et al., 2000). Carbonyl compounds are also important for the 

growth of atmospheric particles (Kroll et al., 2005), thereby indirectly impacting the Earth’s 

radiative balance. The atmospheric lifetimes of carbonyl compounds vary considerably, from less 

than 1 d for acetaldehyde (Millet et al., 2010) to more than 15 d for acetone (Jacob et al., 2002; 

Khan et al., 2015) in terms of tropospheric mean lifetime. A multi-day lifetime means that carbonyl 

compounds can impact the air chemistry on local, regional, and even hemispheric scales. The 

numerous primary and secondary sources of carbonyl compounds as well as their multiple loss 

routes (photolysis, OH, NO3, and O3 oxidation) make budget assessments difficult. 

The most predominant atmospheric carbonyl compounds besides formaldehyde are acetaldehyde 

and acetone. They have been reported to vary from tens or hundreds of ppt in remote areas 

(Warneke and de Gouw, 2001;Wisthaler, 2002; Lewis et al., 2005; White et al., 2008; Colomb et 

al., 2009; Read et al., 2012; Sjostedt et al., 2012; Tanimoto et al., 2014; Yang et al., 2014; 

Hornbrook et al., 2016; Wang et al., 2019) to several ppb in urban and polluted areas (Dolgorouky 

et al., 2012; Guo et al., 2013; Stoeckenius and McNally, 2014; Koss et al., 2015; Sahu et al., 2017; 

Sheng et al., 2018). Generally, secondary photochemical formation from various precursors is the 

main source of those carbonyl compounds. However, several recent studies have shown that 

acetaldehyde mixing ratios in both the remote marine boundary layer and the free troposphere could 

not be explained by known photochemistry as implemented in various atmospheric chemistry 
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models, which consistently underestimated the measurements by an order of magnitude or more 

(Singh et al., 2003; Read et al., 2012; Wang et al., 2019). Several potential additional acetaldehyde 

sources have been proposed, including new hydrocarbon oxidation mechanisms, aerosol-related 

sources, and oceanic sources. One possible source of acetaldehyde in the remote marine boundary 

layer is oceanic emission from the photodegradation of coloured dissolved organic matter (CDOM) 

in sea-surface water, where acetaldehyde could be produced together with other low-molecular-

weight carbonyl compounds (Kieber et al., 1990; Zhou and Mopper, 1997; Sinha et al., 2007; Dixon 

et al., 2013). Nevertheless, due to both limited airborne and seawater measurements of 

acetaldehyde, the importance of oceanic emission is still under debate (Millet et al., 2010;Wang et 

al., 2019). In order to better understand the atmospheric budgets of acetaldehyde (and the other 

carbonyl compounds), it is informative to analyze a dataset of multiple carbonyl compounds in 

both polluted and clean environments, with influence from marine emissions, varying particulate 

loadings, and high rates of oxidation as shown in Figure 2.1, which demonstrates the main 

formation pathways of acetaldehyde during this campaign. 

During the AQABA (Air Quality and Climate Change in the Arabian Basin) shipborne research 

campaign, carbonyl compounds were continuously measured by PTR-ToF-MS onboard a research 

vessel that circumnavigated the Arabian Peninsula. During the campaign, chemically distinct air 

masses were sampled, which had been influenced by primary emissions of hydrocarbons and 

inorganic pollutants (NOx, SO2, and CO) from petroleum industries and marine transport 

(Bourtsoukidis et al., 2019; Celik et al., 2019), by pollution from urban areas (Pfannerstill et al., 

2019), and clean marine-influenced air (Edtbauer et al., 2020). It is a unique dataset of carbonyl 

compounds encompassing starkly different environmental conditions from a region with few (or 

no) available in situ measurements to date. 

 

Figure 2.1. Diagram of possible sources and formation pathways of acetaldehyde during the 

AQABA campaign. 
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In this study, we provide an overview of carbonyl compound mixing ratios (aliphatic, unsaturated, 

and aromatic) over the Mediterranean Sea, Suez, Red Sea, Arabian Sea, and Arabian Gulf. Using 

an empirical method based on measured hydrocarbon precursors, we have analyzed the relative 

importance of the photochemical sources of the carbonyl compounds observed. The analysis is then 

extended to include sources and transport by using an EMAC global model (5th generation 

European Centre – Hamburg general model, ECHAM5, coupled to the modular earth submodel 

system, MESSy, applied to atmospheric chemistry). Model measurement differences are 

investigated in both clean and polluted regions, with particular emphasis on acetaldehyde. 

2.2  Method 

2.2.1 AQABA campaign 

The AQABA campaign was conducted onboard R/V Kommandor Iona (KI) from the end of June 

to the end of August 2017. The ship started from southern France, proceeded across the 

Mediterranean, through the Suez Canal, around the Arabian Peninsula into the Arabian Gulf and 

on to Kuwait, thereafter returning along the same route. Five laboratory containers were loaded 

onto the vessel, containing multiple gas- and particle-phase measurement instruments as well as a 

weather station. 

2.2.2 PTR-ToF-MS 

2.2.2.1 Sampling and instrument set-up 

A high-flow inlet (stainless steel tubing, 0.2 m diameter, 5.5 m tall and 3 m above the top of the 

containers and the front deck) was installed at the front of the ship where the laboratory containers 

were located. A high flow of air (approximately 10 m3min-1) was drawn through the inlet which 

provided a common attachment point for sub-sampling lines for all gas-phase measurement 

instruments.  An air flow of 5 standard L min-1 for the first leg and 3.5 standard L min-1 for the 

second leg was pumped into the onboard lab container through an ½” (O.D. = 1.27cm) FEP 

(fluorinated ethylene propylene) tubing (about 10 m long) insulated and heated to 50-60 °C. A 

PTFE (polytetrafluoroethylene) filter was placed at the beginning of the inlet to prevent insects, 

dust, and particles from entering the instruments. Every 2-5 days, the filter was replaced depending 

on the degree of pollution encountered.  Inside the volatile organic compound (VOC) instrument 

container, the PTR-ToF-MS (8000, Ionicon Analytik GmbH Innsbruck, Austria) sampled a sub-

flow at 80-100 sccm through 1/8” (0.3175 cm) FEP tubing (~ 10 m in length, insulated and heated 

to 60 °C) from the main fast air flow and then to the instrument’s PEEK (polyether ether ketone) 

inlet which was likewise heated to 60 °C. The inlet system was shared with total OH reactivity 

measurement (Pfannerstill et al., 2019). 
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The working principle of PTR-MS has been described in detail in previous studies (Lindinger et 

al., 1998;Ellis and Mayhew, 2013;Yuan et al., 2017). In brief, H3O
+ primary ions are generated in 

the ion source, and then drawn into the drift tube where they interact with sampled ambient air. 

Inside the drift tube, VOCs with a proton affinity greater than that of H2O (691 kJ mol-1) are 

protonated by proton transfer from H3O
+. The resulting secondary ions are transferred to the 

detector, in this case a time-of-flight mass spectrometer with mass resolution around 3500 for the 

first leg and 4500 for the second leg at mass 96amu. An internal standard of trichlorobenzene 

(C6H3Cl3) was continuously introduced into the instrument to ensure accurate mass calibration. 

Every minute a spectrum with mass range (m/z) 0-450 was generated. The data reported in this 

study are all at 1 minute resolution unless otherwise specified. 

2.2.2.2 Instrument characterization 

The instrument background was determined every 3h for 10 minutes with synthetic air. Four-point 

calibrations were performed five times during the whole campaign using a standard gas mixture 

(Apel-Riemer Environmental inc., Broomfield, USA) containing 14 compounds (methanol, 

acetonitrile, acetaldehyde, acetone, dimethyl sulfide, isoprene, methyl vinyl ketone, methacrolein, 

methyl ethyl ketone, benzene, toluene, xylene, 1,3,5-trimethylbenzene and α-pinene). It has been 

previously reported that the sensitivities of some compounds measured by PTR-MS are humidity 

dependent (de Gouw and Warneke, 2007). As the relative humidity (RH) was expected to be high 

and varying (marine boundary layer with occasional desert air influence), humidity calibration was 

combined with four-point calibration by humidifying the gas mixture at different levels from 0% 

to 100% RH.  

2.2.2.3 Data analysis 

The data were initially processed by the PTR Analyzer software (Müller et al., 2013) to identify 

and integrate the peaks. After obtaining the raw data (counts per second for each mass identified), 

a custom-developed python-based program was used to further process the data to final mixing 

ratios. For compounds present in the standard gas cylinder, interpolated sensitivities based on the 

five in-campaign calibrations were applied to derive the mixing ratios; while mixing ratios of the 

other masses were calculated by using a proton transfer reaction rate constant (𝑘𝑃𝑇𝑅) of 2.0  10-9 

cm3 s-1. The uncertainty associated with the mixing ratios of the calibrated compounds was around 

6-17% (see Table S2.1). For the mixing ratios derived by assuming 𝑘𝑃𝑇𝑅, the accuracy was around 

±50% (Zhao and Zhang, 2004). The detection limit (LOD) was calculated from the background 

measurement with 3 times the standard deviation (3σ), 52 ± 26 ppt for acetaldehyde, 22 ± 9 ppt for 

acetone and 9 ± 6 ppt for methyl ethyl ketone (MEK) (Table S2.1). Data below LOD were kept as 

determined for further statistical analysis (Figure 2.1 and Table 2.1). 
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In this study, we have interpreted ion masses with the exact masses corresponding to CnH2nO, 

CnH2n-2O and CnH2n-8O as aliphatic, unsaturated and aromatic carbonyls, respectively (see the exact 

protonated m/z in Table S2.2). Carbonyl compounds with a carbon number of three and above can 

be either aldehydes or ketones, which are not distinguishable with PTR-ToF-MS using H3O
+ as the 

primary ion. However, laboratory experiments have shown that protonated aldehydic ions with 

carbon atoms more than three tend to lose a H2O molecule and fragment to other masses (Buhr et 

al., 2002;Spanel et al., 2002). Moreover, although both ketones and aldehydes can be produced via 

atmospheric oxidation processes, ketones tend to have longer atmospheric lifetimes and higher 

photochemical yields than aldehydes as mentioned in the introduction. The ratio of measured 

propanal to acetone was 0.07 in the western Pacific coastal region (Schlundt et al., 2017), 0.06 in 

urban Los Angeles (Borbon et al., 2013) and 0.17 - 0.22 in oil and gas production regions 

(summarized by Koss et al., 2017). Therefore, signals on the exact mass of carbonyl compounds 

from the PTR-ToF-MS are expected to be dominated by ketones, particularly in regions remote 

from the sources. 

2.2.3 Meteorological data and other trace gases 

The meteorological data were obtained by using a commercial weather station (Sterela) which 

monitored wind speed, wind direction, RH, temperature, speed of the vessel, GPS, etc. The actinic 

flux was measured by a spectral radiometer (Metcon GmbH; Meusel et al., 2016). Non-methane 

hydrocarbons (NMHC) mixing ratios were measured by a gas chromatograph with a flame 

ionization detector (GC−FID) online with a time resolution of 50 minutes. It measured 

hydrocarbons (C2-C8) and aromatics (C6-C8) with an average LOD < 10 ppt for most of the 

compounds. For a detailed instrumental description see Bourtsoukidis et al. (2019). Formaldehyde 

mixing ratios were determined by a modified and optimized version of the commercially available 

AL4021 (Aero-Laser, Germany), which utilizes the Hantzsch technique (Stickler et al., 2006). 

Methane and carbon monoxide (CO) levels were monitored by a cavity ring-down spectroscopy 

analyzer (Picarro G2401). Ozone was measured with an absorption photometer (Model 202 Ozone 

Monitor, 2B Technologies, Boulder, Colorado). Due to the potential interference from sampling 

our own ship exhaust in which carbonyl compounds may be present (Reda et al., 2014), a filter was 

applied to the dataset based on the wind direction and NOx, SO2 and ethene levels.  

2.2.4 Model simulations 

The EMAC model was used to simulate atmospheric mixing ratios of several carbonyl compounds 

along the cruise track covered during the AQABA campaign. The EMAC model is an atmospheric 

chemistry-general circulation model simulating the process of tropospheric air by considering 

processes which could influence trace-gas mixing ratios, such as transport, chemistry, interaction 

with ocean/land, and dry deposition (Pozzer et al., 2007;Pozzer et al., 2012;Lelieveld et al., 2016). 
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The model applied in this study is a combination of the 5th generation of the European Centre 

Hamburg general circulation model (ECHAM5) (Roeckner et al., 2006) and the 2nd version of the 

Modular Earth Submodel System (MESSy2) (Jöckel et al., 2010), where a comprehensive 

chemistry mechanism MOM (Mainz Organic Mechanism) was deployed (Sander et al., 2019). The 

model considers direct emissions (such as anthropogenic, biogenic, biomass burning.), atmospheric 

transport and mixing, photochemical production of carbonyls (by OH, O3 and NO3), as well as 

physical and chemical removal processes. The global fire assimilation system was used for biomass 

burning emissions (Kaiser et.al., 2012). The exchange of organic compounds between ocean and 

atmosphere was considered in EMAC via the AIRSEA submodel, described in detail in Pozzer et 

al. (2006).  The transfer velocity is calculated online and the concentration in the water is prescribed 

by the user. For acetone, a constant water concentration of 15 nmol/L is used, following the 

suggestion of Fischer et al. (2012). The model configuration in the study is the same as the model 

applied in Bourtsoukidis et al. (2020), where a natural non-methane hydrocarbon source (ethane 

and propane) was implemented. The model is at the resolution of T106L31 (i.e. ~ 1.1o × 1.1o 

horizontal resolution and , 31 vertical hybrid pressure levels up to 10 hPa) and the time resolution 

of 10 minutes. The measurement data of PTR-ToF-MS were averaged to 10-minute resolution to 

match the model data resolution for further comparison. 

2.3 Results and discussion 

Around the Arabian Peninsula, the mixing ratios of individual carbonyl compounds varied over a 

wide range, from tens of ppt to ppb levels. In this study, we divided the dataset geographically into 

eight regions (Figure 2.2, middle graph) to classify and characterize the primary and secondary 

origins of carbonyl compounds. The regional delineations were: the Mediterranean Sea (MS), Suez, 

Red Sea North (RSN), Red Sea South (RSS), Gulf of Aden (GA), Arabian Sea (AS), Gulf of Oman 

(GO) and Arabian Gulf (AG), the same as those described by Bourtsoukidis et al. (2019). Figure 

2.2 shows the abundance of aliphatic, aromatic and unsaturated carbonyl compounds (carbonyls) 

for each region. Generally, aliphatic carbonyls were present at much higher mixing ratios than 

aromatic and unsaturated carbonyls, with smaller carbonyl compounds (formaldehyde, 

acetaldehyde, C3 and C4 carbonyls) dominating the distribution. The mixing ratios of aliphatic 

carbonyls decreased dramatically from C5 carbonyls with increasing carbon number. The box plots 

(Figure 2.2) also show that carbonyl compounds were measured at higher mixing ratios and were 

more variable over the Suez region and the Arabian Gulf. The abundance of carbonyl compounds 

varied markedly from region to region, with the highest and lowest values found in the Arabian 

Gulf and the Arabian Sea, respectively. Table 2.1 shows the mean, standard deviation and the 

median values for carbonyls in each region. In the following sections, each class of carbonyl 

compounds is investigated in greater detail.  
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Figure 2.2. Overview of mixing ratios for aliphatic, aromatic, and unsaturated carbonyl compounds 

(CxHyO). The boxes represent 25% to 75% of the data, with the central line and square indicating 

the median and the mean values, respectively. The whiskers show data from 5% to 95%, and stars 

were drawn for the minimum and maximum data points within 1% to 99% of the dataset. Within 

brackets under the region acronyms the main characteristics of the air masses are indicated, based 

on non-methane hydrocarbon variability-lifetime results (b factor) from Bourtsoukidis et al. (2019). 

The data used for map plotting were from public domain GIS data found on the Natural Earth 

website (http://www.naturalearthdata.com, last access: 23 January 2019) and ere read into Igor 

using the IgorGIS XOP beta. 

2.3.1 Aliphatic carbonyls (CnH2nO) 

2.3.1.1 Overview 

Relatively high mean mixing ratios of aliphatic carbonyls were observed over the Arabian Gulf, 

the highest being acetone (C3 carbonyl compound) at 4.50 ± 2.40 ppb (median: 3.77 ppb), followed 

by formaldehyde at 3.83 ± 2.55 ppb (median: 3.02 ppb), acetaldehyde at 1.73 ± 1.61 ppb (median: 

1.02 ppb) and MEK (C4 carbonyl compound) at 0.87 ± 0.71 ppb (median: 0.56 ppb). As the 

Arabian Gulf is highly impacted by the oil and gas industry, we compared the measurements of the 

four aforementioned carbonyl compounds with those measured in the oil and gas region (Table 

2.2). Except for formaldehyde, acetaldehyde, acetone and MEK were lower than the mixing ratios 

measured in the Uintah Basin, which was influenced by intensive oil and natural gas activities 

http://www.naturalearthdata.com/
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(Koss et al., 2015). The general distribution of the aliphatic carbonyls in the Uintah Basin is similar 

to the Arabian Gulf, with acetone levels being approximately twice those of acetaldehyde. The 

carbonyl mixing ratios in the Arabian Gulf were comparable to those measured in Hickory (PA, 

USA) surrounded by natural gas wells (Swarthout et al., 2015).  Koss et al. (2017) reported the 

maximum boundary layer enhancement of carbonyl compounds (C2-C7) measured during an 

aircraft measurement above the most productive oil field in the United States (Permian Basin). 

Within the boundary layer of the Permian Basin, C5-C7 aliphatic carbonyls had mixing ratios of 

0.34 ppb, 0.08 ppb and 0.03 ppb, which are of the same magnitude but lower than the levels 

measured over the Arabian Gulf for C5 (0.52 ± 0.48 ppb), C6 (0.19 ± 0.25ppb), and C7 (0.04 ± 

0.04 ppb) carbonyl compounds. The sources of the major carbonyls in the Arabian Gulf will be 

discussed in detail in section 3.1.2 and 3.4.3. 

In contrast, aliphatic carbonyls had much lower average mixing ratios over the Arabian Sea and 

the Gulf of Aden especially for C7-C9 carbonyls with mean mixing ratios below the detection limit 

for most of the time. During the summertime AQABA campaign, the prevailing wind direction 

over the Arabian Sea was south-west (Figure S 2.1). Four-day back trajectories indicate the air was 

transported from the Arabian Sea (north-western Indian Ocean), passing the eastern Africa coast, 

which brought relatively clean, photochemically aged air masses (Bourtsoukidis et al., 2019). The 

mean level of acetone over the Arabian Sea (0.43 ± 0.18 ppb, median: 0.34 ppb) is close to the 

level measured in the marine boundary layer of the western Indian Ocean (0.49 ppb) (Warneke and 

de Gouw, 2001) and comparable to other reported values from open-sea air measurement (see 

Table 2.2). Acetaldehyde was measured at relatively low mixing ratios over the Arabian Sea (0.13 

± 0.12 ppb, median: 0.09 ppb), which is comparable than the levels reported by the measurements 

done in the Northern Hemisphere open ocean (see Table 2.2). Over the Gulf of Aden, acetaldehyde, 

acetone and MEK had slightly higher mixing ratios than those over the Arabian Sea.  

The Mediterranean Sea had somewhat higher levels of aliphatic carbonyls than the clean regions 

(the Arabian Sea and the Gulf of Aden) but with acetone (above 2ppb) dominating the distribution. 

A much higher acetone level than the acetaldehyde level was also observed for coastal site 

measurements, which were impacted by continental air (White et al., 2008; Schlundt et al., 2017;  

see Table 2.2). Larger aliphatic carbonyls (C6-C9) were below the detection limit most of the time. 

The aliphatic carbonyl levels over the Gulf of Oman were higher than the clean regions, while C1-

C5 carbonyls were more variable over the Gulf of Oman compared to those over the Mediterranean 

Sea. This is probably because the Gulf of Oman connects to the Arabian Gulf where intense oil and 

gas industrial activities are located. Over the Gulf of Oman, polluted air from the nearby sources 

of the Arabian Gulf is occasionally mixed with the clean air from the open sea (the Arabian Sea) 

under south-easterly wind conditions (Figure S2.1). 
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Another region where abundant aliphatic carbonyls were observed was the Suez region. The air in 

this region was mainly influenced by nearby cities and marine transportation (ship emissions within 

the Suez Canal) (Bourtsoukidis et al., 2019;Pfannerstill et al., 2019). Therefore abundant precursors 

were available in the Suez region, producing more carbonyls regionally, especially for shorter-

lived compounds (formaldehyde and acetaldehyde). Besides the local-scale emissions and 

photochemical production contribution to the carbonyls over the Suez, the longer-lived carbonyls 

(e.g. acetone) could also be transported from the Mediterranean Sea (where acetone was high). 

Four-day back trajectories indicate the air reaching the Suez region mostly originated from the 

European continent, passing over the Mediterranean Sea (Bourtsoukidis et al., 2019). Meanwhile, 

ocean uptake of acetone from the air due to polluted continental outflow (Marandino et al., 2005) 

as well as dilution and mixing with free tropospheric air during transport can modulate acetone 

mixing ratios. Although the mean mixing ratios of aliphatic carbonyls over the Suez were much 

lower than those over the Arabian Gulf, the variations were still more significant than other regions 

(not including the Arabian Gulf; see Table 2.1).  

Over the Red Sea, acetone was the most abundant aliphatic carbonyl, followed by formaldehyde 

and acetaldehyde. The mixing ratios of acetaldehyde and acetone over the northern part of the Red 

Sea were similar to those levels measured in western Pacific coastal regions (South China Sea, 

Table 2.2). It is worth noticing that the levels of aliphatic carbonyls in the northern part of the Red 

Sea were almost 2 times higher than the southern part of the Red Sea. According to the 4 d back 

trajectories reported by Bourtsoukidis et al. (2019), the measured air masses that travelled to the 

northern part were from southern Europe and north-eastern Africa, while the southern part was 

more influenced by air from the northern part of the Red Sea mixed with the air masses from 

desertic areas of central Africa. Therefore, fewer primary precursors as well as carbonyls were 

transported to the souhtern part of the Red Sea compared to the northern part. Moreover, the 

unexpected sources of hydrocarbons (ethane and propane) from northern Red Sea deep water 

reported by Bourtsoukidis et al. (2020) would lead to higher carbonyl levels in the northen part 

compared with the sourthern part due to the additional precursors in the Red Sea North. However, 

acetaldehyde was still found to be significantly underestimated compared to the model results, even 

taking the deep-water source into consideration (section 3.3). This indicates that extra sources of 

acetaldehyde may exist, which will be discussed in detail in section 3.4. 
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Table 2.1. Mean, standard deviation (SD) and median mixing ratios of aliphatic, unsaturated and aromatic 

carbonyls in different regions.   

   Aliphatic Carbonyls 

    
HCH

O 
CH3CHO C3H6O C4H8O C5H10O C6H12O C7H14O C8H16O C9H18O 

MS 

mean 0.86 0.30 2.37 0.14 0.04 0.01 < LOD < LOD < LOD 

SD 0.41 0.25 0.37 0.05 0.02 0.01 NA NA NA 

median 0.80 0.25 2.32 0.12 0.03 0.01 < LOD < LOD < LOD 

Suez 

mean 1.23 0.62 2.64 0.19 0.08 0.03 0.01 0.01 0.01 

SD 0.76 0.58 0.77 0.15 0.08 0.02 0.01 0.01 0.01 

median 1.11 0.41 2.52 0.13 0.04 0.03 < LOD < LOD < LOD 

RSN 

mean 0.99 0.50 2.17 0.27 0.12 0.04 < LOD 0.01 0.01 

SD 0.78 0.26 0.45 0.11 0.07 0.02 NA 0.01 0.01 

median 0.73 0.46 2.17 0.25 0.10 0.04 < LOD 0.01 0.01 

RSS 

mean 0.66 0.29 1.56 0.11 0.05 0.03 < LOD 0.02 0.03 

SD 0.62 0.17 0.38 0.06 0.03 0.03 NA 0.03 0.05 

median 0.40 0.25 1.60 0.09 0.04 0.02 < LOD < LOD < LOD 

GA 

mean 0.69 0.15 0.81 0.04 0.02 0.03 0.01 < LOD < LOD 

SD 0.33 0.09 0.27 0.02 0.01 0.02 0.01 NA NA 

median 0.68 0.15 0.72 0.03 0.02 0.03 < LOD < LOD < LOD 

AS 

mean 0.82 0.13 0.43 0.02 0.01 0.01 < LOD < LOD < LOD 

SD 0.35 0.12 0.18 0.01 0.01 0.02 NA NA NA 

median 0.86 0.09 0.34 0.02 0.01 0.01 < LOD < LOD < LOD 

GO 

mean 1.27 0.25 1.23 0.10 0.08 0.04 0.01 0.01 0.01 

SD 0.59 0.12 0.40 0.06 0.04 0.03 0.00 0.01 0.01 

median 1.13 0.22 1.12 0.08 0.08 0.03 0.01 0.01 0.01 

AG 

mean 3.83 1.73 4.50 0.87 0.52 0.19 0.04 0.03 0.03 

SD 2.55 1.61 2.40 0.71 0.48 0.25 0.04 0.03 0.03 

median 3.02 1.02 3.77 0.56 0.31 0.10 0.03 0.02 0.02 
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Table 2.1 Continued 

    Aromatic Carbonyls Unsaturated Carbonyls 

    C7H6O C8H8O C9H10O C4H6O C5H8O C6H10O C7H12O C8H14O C9H16O 

MS 

mean 0.02 0.01 < LOD 0.01 0.01 0.01 < LOD < LOD < LOD 

SD 0.03 0.01 NA 0.02 0.01 0.01 NA NA NA 

median 0.02 0.01 < LOD 0.01 0.01 0.01 < LOD < LOD < LOD 

Suez 

mean 0.09 0.03 < LOD 0.06 0.04 0.03 0.01 0.01 < LOD 

SD 0.20 0.04 NA 0.08 0.04 0.03 0.01 0.01 NA 

median 0.02 0.01 < LOD 0.04 0.02 0.02 0.01 < LOD < LOD 

RSN 

mean 0.09 0.05 0.02 0.03 0.03 0.04 0.02 0.01 0.01 

SD 0.10 0.06 0.02 0.02 0.03 0.04 0.02 0.01 0.01 

median 0.06 0.04 0.01 0.02 0.03 0.03 0.01 0.01 < LOD 

RSS 

mean 0.05 0.04 0.03 0.01 0.02 0.02 0.01 0.03 0.01 

SD 0.06 0.06 0.03 0.01 0.02 0.02 0.01 0.07 0.01 

median 0.01 0.01 0.03 0.01 0.01 0.01 < LOD < LOD < LOD 

GA 

mean 0.02 0.02 0.01 0.01 0.01 0.02 0.01 < LOD < LOD 

SD 0.03 0.02 0.01 0.01 0.01 0.01 0.01 NA NA 

median 0.01 0.01 0.01 0.01 0.01 0.01 < LOD < LOD < LOD 

AS 

mean 0.02 0.01 < LOD 0.01 0.01 0.01 < LOD < LOD < LOD 

SD 0.03 0.01 NA 0.01 0.01 0.01 NA NA NA 

median 0.01 0.01 < LOD 0.01 0.01 0.01 < LOD < LOD < LOD 

GO 

mean 0.04 0.04 0.02 0.02 0.02 0.02 0.01 0.01 0.01 

SD 0.06 0.05 0.03 0.01 0.01 0.01 0.01 0.01 NA 

median 0.02 0.02 0.01 0.02 0.02 0.02 0.01 0.01 < LOD 

AG 

mean 0.12 0.13 0.04 0.07 0.11 0.12 0.05 0.03 0.02 

SD 0.14 0.10 0.04 0.06 0.10 0.10 0.05 0.03 0.02 

median 0.08 0.10 0.03 0.04 0.07 0.09 0.04 0.03 0.01 

< LOD: the mixing ratios were lower than the limit of detection. NA: not available. 
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Table 2.2. Mixing ratios (ppb) of OVOCs reported in previous observation in the literature 

Locations Lon./Lat. Height Time Technique 
Formal-

dehyde 

Acetal- 

dehyde 
Acetone MEK Literature 

Open sea      m        

Tropical 

Atlantic 

Ocean 

10◦ N-0◦ N 

35◦ W-5◦ E 
18 

Oct.-

Nov. 
PTR-MS 

n.r. 
n.r. 0.53 

n.r. 
(Williams 

et al., 

2004) 

Atlantic 

Ocean 

50◦ N-50◦ 

S 10-60◦ W 
18 

Oct.-

Nov. 
PTR-MS 

n.r. 
0.18 

 (NorthernH) 

0.08  

(Southern H) 

0.6  

(North) 

0.2  

(South) 

n.r. (Yang et 

al., 2014) 

Western 

North Pacific 

Ocean 

15-20◦ N 

137◦ E 

6.5 -

14  
May PTR-MS 

n.r. 
n.r. 0.20-0.70 

n.r. 
(Tanimot

o et al., 

2014) 

Western 

Indian Ocean 

12◦ N-5◦ S 

43-55◦ E 
15 

Feb.-

Mar. 
PTR-MS 

n.r. 
n.r. 0.49 

n.r. 
(Warneke 

and de 

Gouw, 

2001) 

Indian Ocean 

19◦ N-13◦ 

S 67-75◦ 

E 

10 Mar. PTR-MS 
n.r. 

0.32-0.42 

(continental 

outflow) 

0.18-0.21 

(equatorial 

marine) 

1.11-2.08 

(continental 

outflow) 

0.51-0.62 

(equatorial 

marine) 

n.r. 
(Wisthale

r, 2002) 

Southern 

Indian Ocean 

30◦ S-49◦ S 

30-100◦ E 
15 Dec. PTR-MS n.r. 0.12-0.52 0.42-1.08 n.r. 

(Colomb 

et al., 

2009) 

Costal          

Caribbean 

Sea 

10-30◦ N 

60-80◦ W 
10 Oct. HPLC 0.61 0.57 0.40 0.03 

(Zhou 

and 

Mopper, 

1993) 

Cape Verde 

Atmospheric 

Observatory 

16.86◦ N 

24.87◦ W 
10 

2006-

2011 
GC-FID n.r. 

0.43 

(0.19-0.67) 

0.55 

(0.23-0.91) 
n.r 

(Read et 

al., 2012) 

Appledore 

Island, USA 

42.97◦ N 

70.62◦ W 
5 

Jul.-

Aug. 
PTR-MS 

n.r. 
0.40 1.5 0.20 

(White et 

al., 2008) 

Mace Head, 

Ireland 

53.3◦ N  

9.9◦ W 
25 

Jul.-

Sep. 
GC-FID 

n.r. 0.44 

(0.12-2.12) 

0.50 

(0.16-1.67) 
n.r. 

(Lewis et 

al., 2005) 

Canadian 

Archipelago 

68-75◦ N 

60-100◦ W 
Ship 

cruise 

Aug.-

Sep. 
PTR-MS 

n.r. 
n.r 0.34 n.r 

(Sjostedt 

et al., 

2012) 

Barrow Arctic 

71.30◦ N 

156.77◦ W 6 
Mar.-

Apr. 
TOGA 

 
0.10 ± 0.20  0.90 ± 0.30  

0.19 

± 

0.05 

(Hornbro

ok et al., 

2016) 

South China 

Sea, Sulu Sea 

2◦ N-15◦ N 

108-124◦ E 10 Nov. GC-MS 
n.r. 

0.86 2.1 0.06 

(Schlundt 

et al., 

2017) 

Oil & Gas           

Horse Pool 

site, Uintah 

Basin, USA 

 
Groun

d site 

2012-

2013 
PTR-MS 3.71 4.27 7.97 2.81 

(Koss et 

al., 2015) 
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n.r.: not reported in the literature. 

a: formaldehyde was measured by laser-induced fluorescence (LIF) 

2.3.1.2 Case studies of polluted regions: the Arabian Gulf and Suez 

The primary emission sources in the Arabian Gulf and Suez regions are quite different. While the 

Arabian Gulf is dominated by oil and gas operations, the Suez is more influenced by ship emissions 

and urban areas (Bourtsoukidis et al., 2019). Carbonyl compounds were most abundant in these 

two areas. For further insight, we focused on a time series of selected trace gases and their inter-

correlations to better identify the sources of the major aliphatic carbonyls. Meanwhile, we 

calculated the OH exposure ([𝑂𝐻]∆𝑡) based on hydrocarbon ratios (Roberts et al., 1984;de Gouw 

et al., 2005;Yuan et al., 2012) for the polluted regions (Arabian Gulf and Suez) where primary 

emissions have been identified (Bourtsoukidis et al., 2019; Bourtsoukidis et al. 2020),  to better 

understand the photochemical aging of the major carbonyls using the following equation: 

[𝑂𝐻]∆𝑡 =
1

𝑘𝑋−𝑘𝑌
 ∙ (𝑙𝑛

[𝑋]

[𝑌]
|
𝑡=0
− 𝑙𝑛

[𝑋]

[𝑌]
) ,                                                                                Eq. (2.1)                

where X and Y refer to two hydrocarbon compounds with different rates of reaction with the OH 

radical (k). For this study, we chose toluene (kOH+toluene: 5.63  10-12 cm3 molecule-1s-1 ) and benzene 

(kOH+benzene: 1.22  10-12 cm3 molecule-1s-1) (Atkinson and Arey, 2003), because both compounds 

were measured by PTR-ToF-MS at high frequency and these values showed a good agreement with 

values measured by GC-FID (Figure S2.2). The approach detailed by Yuan et al. (2012) was 

applied to determine the initial emission ratio 
[𝑋]

[𝑌]
|
𝑡=0

in those two regions by only including 

nighttime data of benzene and toluene. We obtained initial emission ratios (toluene-to-benzene 

ratios) of 1.38 for the Arabian Gulf and 2.12 for the Suez region. Koss et al. (2017) summarized 

the toluene-to-benzene ratios observed in various locations and showed that urban and vehicle 

sources tend to have higher toluene to benzene ratio (mean ~ 2.5) than the ratios of oil & gas sources 

(mean ~ 1.2). Therefore, the toluene to benzene ratios obtained for those two regions agreed well 

with other studies done with similar emission sources. The corresponding correlation plots of 

toluene and benzene for those two regions can be found in Figure S2.3.  

Central 

United State 

 
<600 

Mar.-

April 

ToF-

CIMS 
1.13a 0.5 1.5 0.2 

(Koss et 

al., 2017) 

Eagle 

Mountain 

Lake site, 

Texas, USA 

 

Groun

d site 
June PTR-MS n.r. n.r. 

3.2 

(1.2-6.7) 

0.3 

(0.09

-

0.85) 

(Rutter et 

al., 2015) 

Hickory, 

Pennsylvania, 

USA 

 
Groun

d site 
June PTR-MS n.r. 

1.29 

(0.28-2.03) 

3.22 

(1.45-4.99) 

0.73 

(0.4-

0.97) 

(Swartho

ut et al., 

2015) 
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Figure 2.3. Case study of the Arabian Gulf. (a) Time series of selected species measured over the 

Arabian Gulf; (b) daytime correlation heat map of selected species; (c) nighttime correlation heat 

map of selected species. 
 

Figure 2.3(a) shows the time series of acetaldehyde and acetone over the Arabian Gulf along with 

OH exposure ([𝑂𝐻]𝑡) and ozone. We further separated the data into daytime and nighttime and 

calculated correlations among the carbonyls and other selected species (see Fig. 2.4b and c). 

Aliphatic carbonyls were well correlated with each other during the daytime and ozone had a 

generally good correlation with C2-C7 carbonyls (r > 0.7) during the daytime but a much lower 

correlation during the night, indicating ozone and carbonyls were co-produced via photochemical 

oxidation. Tadic et al. (2020) reported that the net ozone production rate over the Arabian Gulf (32 

ppb d-1) was greatest over the Arabian Peninsula. They show that strong ozone-forming 

photochemistry occurred in this region, which would lead to abundant secondary photochemically 

produced products (including carbonyls). However, it should be noted that the good correlation 

between ozone and carbonyls could in part be due to carbonyls co-emitted with ozone precursors 

(hydrocarbons) as primary emissions. In Figure 2.3 (a), the calculated OH exposure was high 

during the first night in leg 1, where an elevation of the acetone mixing ratio was observed while 

the mixing ratio of acetaldehyde remained relatively constant. With limited OH radical abundance 

during the nighttime, the increased OH exposure indicates that the air reaching the ship was 

photochemically processed (aged). Therefore, the increase in acetone was mainly from long-

distance transport as acetone has a much longer atmospheric lifetime than acetaldehyde. As the 
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ship approached Kuwait, the calculated OH exposure was low (starting from 7/30/2017, 00:00 

UTC), which is an indicator of nearby emission sources. The lifetime of the OH radical derived 

from the measured OH reactivity also decreased from ~ 0.1 s to ~ 0.04 s during the same period 

(Pfannerstill et al., 2019). Oil fields and associated refineries are densely distributed in the north-

west of the Arabian Gulf region (United States Central Intelligence Agency). The air reaching the 

ship when mixing ratios of acetone and acetaldehyde were highest was mainly from the north-west 

(Iraq oil field region) according to the back trajectories (Bourtsoukidis et al., 2019). This suggests 

that the air masses encountered in the north-western Arabian Gulf were a combination of fresh 

emissions from nearby sources and photochemically processed air transported from elsewhere. 

During the second leg, relatively low mixing ratios were identified in the same region (north-

western Arabian Gulf), which was mainly due to a greater influence of air masses originating from 

less populated desert regions of Northeast Iran (Bourtsoukidis et al., 2019) with much less influence 

from the oil field emissions, meaning fewer precursors were available for carbonyl production. 

Several plumes (extending over 2-3 hours) of elevated carbonyls with increased ozone were 

observed during the nighttime for both legs (Fig. 2.4a), indicating transport of highly polluted air. 

 

Figure 2.4. Case study of Suez. (a) Time series of selected species measured over Suez; (b) 

correlation heat map of selected species during biomass burning plume (UTC 01:00 -06:00 August 

24th 2017); (c) correlation heat map of selected species without the period of biomass burning 

plume. 

 

For the Suez region (Gulf of Suez and Suez Canal), data were only available for the second leg. A 

significant increase in acetonitrile (over 400 ppt) was observed just before entering the Great Bitter 
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Lake (see Figure 2.4a), indicating an increasing influence of biomass burning on the air 

composition (Lobert et al., 1990). Carbonyl compounds are important primary emissions in fresh 

biomass burning plumes (Holzinger et al., 1999;Schauer et al., 2001;Holzinger et al., 2001;Koss et 

al., 2018) as well as being formed as secondary products in more aged plumes (Holzinger et al., 

2005). We further investigated the correlation coefficient among carbonyls during the biomass 

burning plume (Figure 2.4b) in the Suez. Carbonyls had a high correlation with acetonitrile, 

benzene, and themselves, particularly for smaller carbonyls (acetaldehyde, C3-C5 carbonyls). The 

biomass burning emissions were probably transported by the prevailing northerly wind (Figure 

S2.1) above north-eastern Egypt, where crop residues especially rice straw, are often directly 

burned in the open fields (Abdelhady et al., 2014;Said et al., 2013;Youssef et al., 2009). Besides 

the direct biomass burning emission, the high mixing ratios and the good correlations of carbonyls 

could also have resulted from other sources such as hydrocarbons (alkanes, alkenes and aromatics) 

which were elevated at the same time. Similar to conditions identified over the Arabian Gulf, 

elevated OH exposure accompanied by an increasing acetone mixing ratio was observed during the 

first night over the Gulf of Suez, indicating aged air-mass transportation. The OH exposure was 

then significantly lower during the daytime, when mixing ratios of carbonyls and alkanes increased 

as well. This indicates the presence of emission sources nearby. Oil refineries located on the coastal 

side of the Suez and oil tank terminals located in the northern part of the Gulf of Suez are likely 

sources.  

2.3.2 Unsaturated and aromatic carbonyls (CnH2n-2O), (CnH2n-8O) 

2.3.2.1 Overview 

The mixing ratios of unsaturated carbonyls were generally ~ 10 ppt or lower than the LOD over 

the Mediterranean Sea and the clean regions (the Arabian Sea and the Gulf of Aden). The Red Sea 

region and the Gulf of Oman had slightly higher levels (LOD – 40 ppt). The highest values were 

again observed in the Arabian Gulf (20 – 110 ppt), followed by the Suez (LOD – 60 ppt). The 

numbers represent the range of the mean mixing ratios of unsaturated carbonyls in each region. In 

terms of the mixing ratio distribution (Figure 2.2), the peak value was usually observed at C5 or 

C6 unsaturated carbonyls over most regions except for the Suez where C4 carbonyl had the highest 

mixing ratio. Based on chemical formulas, unsaturated carbonyls can be either cyclic carbonyl 

compounds or carbonyls containing a carbon-carbon double bond. Therefore, the air chemistry 

could differ considerably depending on the compound assignment. A detailed analysis of the 

chemistry of the unsaturated carbonyls measured will be given in the following section 3.2.2. 



 

 

61 

 

Regional variability was also observed for aromatic carbonyls, with the highest levels observed 

over the Arabian Gulf and Suez  and much lower mixing ratios over the Arabian Sea, Mediterranean 

Sea and Gulf of Aden (Table 2.1). Several studies using PTR-MS have reported values for m/z 

107.049 (C7 aromatic carbonyls) attributed to benzaldehyde (Brilli et al., 2014; Koss et al., 

2017;Koss et al., 2018), m/z 121.065 (C8 aromatic carbonyls) attributed to tolualdehyde (Koss et 

al., 2018) or acetophenone (Brilli et al., 2014), and m/z 135.080 (C9 aromatic carbonyls) attributed 

to methyl acetophenone (Koss et al., 2018) or benzyl methyl ketone (Brilli et al., 2014) or 3,5-

dimethylbenzaldehyde (Müller et al., 2012). Atmospheric aromatic carbonyls are produced via 

photochemical oxidation of aromatic hydrocarbons (Finlayson-Pitts and Pitts Jr, 1999;Wyche et 

al., 2009;Müller et al., 2012), and benzaldehyde was reported as having primary sources from 

biomass burning and anthropogenic emissions (Cabrera-Perez et al., 2016). Around the Arabian 

Peninsula, the level of aromatic carbonyls declined with increasing carbon number over most of 

the regions except in the Red Sea South, Gulf of Oman and Arabian Gulf where C7 carbonyls were 

comparable to C8 carbonyls (Figure 2.2). Interestingly, only in the Suez region, were the C7 

aromatic carbonyls more abundant than other aromatic carbonyls, whereby the mean value (90 ± 

200 ppt) was much higher than the median value (20 ppt), indicating strong primary sources of 

benzaldehyde in the Suez. Otherwise, toluene was found to be more abundant over the Suez with 

mean mixing ratios of 271 ± 459 ppt than over other regions (the mean over the Arabian Gulf: 130 

± 160 ppt) which would also lead to higher benzaldehyde as it is one of the OH-induced oxidation 

products of toluene via H abstraction (Ji et al., 2017). 

2.3.2.2 Potential precursors and sources of unsaturated carbonyls 

Unsaturated carbonyls measured by PTR-MS have only rarely been reported in the atmosphere, 

with the exception of methyl vinyl ketone and methacrolein (C4 carbonyls) which are frequently 

reported as the oxidation products of isoprene (Williams et al., 2001; Fan and Zhang, 

2004;Wennberg et al., 2018). According to the GC-FID measurement, isoprene was below the 

detection limit for most of the time during the AQABA cruise with the highest values observed in 

the Suez (10 - 350 ppt). This shows that the AQABA campaign was little influenced by either 

terrestrial or marine isoprene emissions. However, we observed unexpected high levels on mass 

69.070, which is usually interpreted as isoprene for PTR-MS measurements. Significant 

enhancements were even identified while sampling our own ship exhaust (in PTR-MS but not GC-

FID), suggesting the presence of an anthropogenic interference at that mass under these extremely 

polluted conditions. Several studies have reported possible fragmentations of cyclic alkanes giving 

mass (m/z) 69.070. These include: a laboratory study on gasoline hydrocarbon measurements by 
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PTR-MS (Gueneron et al., 2015), a GC-PTR-MS study of an oil spill site combined with analysis 

of crude oil samples (Yuan et al., 2014) and an inter-comparison of PTR-MS and GC in an O&G 

industrial site (Warneke et al., 2014). From those studies, other fragmentations from C5 to C9 

cycloalkanes including m/z 43, m/z 57, m/z 83, m/z 111 and m/z 125 were identified together with 

m/z 69. Cyclic alkanes were directly measured in oil and gas fields (Simpson et al., 2010;Gilman 

et al., 2013; Li et al., 2017;Aklilu et al., 2018), and vehicle exhaust (Gentner et al., 2012;Erickson 

et al., 2014), vessel exhaust (Xiao et al., 2018), accounting for a non-negligible amount of the total 

VOC mass depending on the fuel type. Koss et al. (2017) reported enhancement of cyclic alkane 

fragment signals and increased levels of unsaturated carbonyls measured by PTR-ToF-MS over 

the O&G region in the US. The unsaturated carbonyls (C5-C9) were assigned as oxidation products 

of cycloalkanes. Therefore, we examined the correlations between m/z 69.070 and other 

cycloalkane fragments over the Arabian Gulf and Suez, where anthropogenic primary emissions 

were significant. As shown in Figure 2.5, m/z 83 was the most abundant fragment, and it correlated 

better with m/z 69 than the other two masses, strongly supporting the presence of C6 cycloalkanes 

(methylcyclopentane and cyclohexane). The other two masses are distributed in two or three 

clusters, suggesting compositions of different cycloalkanes. M/z 43 and m/z 57 (fragments of C5 

cycloalkanes) had lower correlations with other fragments (not shown in the graph) as they are also 

fragments of other higher hydrocarbons. Thereby we could assign those unsaturated carbonyls as 

photochemical oxidation products (i.e. cyclic ketones or aldehydes) from their precursor 

cycloalkanes.  

 

Figure 2.5. Scatter plots of m/z 69.070 and other cycloalkane fragment masses over the (a) 

Arabian Gulf and (b) Suez region. 

 

As shown in Figure 2.2 and Table 2.1, C6 unsaturated carbonyls displayed higher mixing ratios 

than any other unsaturated carbonyls over the Arabian Gulf while C5 unsaturated carbonyl was 

slightly higher than C6 in the Suez. Bourtsoukidis et al. (2019) derived enhancement ratio slopes 



 

 

63 

 

from pentane isomers and established that the Arabian Gulf is dominated by oil and gas operations 

and that the Suez is more influenced by ship emissions. Therefore, as the Arabian Gulf had much 

more active O&G activities than the Suez, our findings agree with Koss et al. (2017) who showed 

that C6 unsaturated carbonyls should be more abundant than C5 carbonyls since more precursors 

for C6 unsaturated carbonyls are emitted from active oil fields. It is worth mentioning that in Figure 

2.5 (b) one cluster at the bottom showed m/z 69.070 had no correlation with the other three masses. 

Those points correspond to the time when the GC measured significantly elevated isoprene while 

passing through the narrow Suez Canal where some vegetation (e.g. palms and some agriculture) 

was present close to the shore, meaning m/z 69.070 during this period was isoprene. At the same 

time, m/z 71.049 (C4 unsaturated carbonyl) increased from 20 ppt to 220 ppt. Isoprene oxidation 

products (MVK and methacrolein) were probably the major contribution to the C4 unsaturated 

carbonyls in this period. This also explains why C4 carbonyl dominated the distribution of 

unsaturated carbonyls over the Suez.  

In the other regions (especially more remote areas), the cyclic alkane fragmentation masses had 

much lower abundance, leading to much less unsaturated carbonyls due to lack of precursors. 

Meanwhile, m/z 69.070 (C5H8H
+), m/z 83.086 (C6H10H

+) and m/z 97.101 (C7H12H
+) could also be 

fragmentations from corresponding aldehydes losing one water molecule as mentioned in section 

2.3.3.   Missing information of the chemical structure on unsaturated carbonyls and knowledge of 

their precursors preclude detailed investigation of the sources of large unsaturated carbonyls in 

these areas.  

2.3.3 Model comparison of acetaldehyde, acetone, and MEK 

We compared our measurement results of acetaldehyde, acetone and MEK to those predicted by 

EMAC global model (ECHAM5/MESSy2 for Atmospheric Chemistry). From the results shown in 

Figure 2.6, the model predicted acetone much better than acetaldehyde and MEK. In general, the 

model broadly captured the major features identified during the campaign, such as much higher 

levels of carbonyl mixing ratios over the Arabian Gulf and Suez and relatively low levels over the 

Arabian Sea. The mean measurement-to-model ratios indicated that acetone was overestimated by 

a factor within 1.5 over the Arabian Sea, Gulf of Aden, and Gulf of Oman, and underestimated by 

a factor within 2.5 over the other regions. In contrast, the model underestimated MEK within a 

factor of 4 over most of the regions except for the Gulf of Oman where MEK was overestimated 

(median values were taken here as the mean values substantially deviated from the medians over 

the Suez, Gulf of Oman and Arabian Gulf). The model underestimation was most significant for 

acetaldehyde, which is under predicted by a factor (median values) of more than 6 over the Red 

Sea North, ~ 4 over the Arabian Sea and Arabian Gulf  and between 1 and 4 over other regions. A 

strong natural non-methane hydrocarbon source from deep water in the northern Red Sea was 
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implemented in the model (Bourtsoukidis et al., 2020). Although the model representation of 

acetaldehyde and other carbonyls was clearly improved after including the deep-water source of 

ethane and propane (Figure S2.4), the underestimation of acetaldehyde was still significant over 

the Red Sea North as shown in Figure 2.6(a), indicating further missing sources. For acetaldehyde 

and MEK, the discrepancy was also significant over the Arabian Sea where acetone was in contrast, 

overestimated. Since acetaldehyde had the biggest bias from the model prediction, we further 

investigate the possible missing sources of acetaldehyde. 

 

Figure 2.6. Measurement-to-model ratios (left) and time series (right) of measurements (in black) 

and model simulation (in red) of (a) acetaldehyde; (b) acetone; and (c) MEK in each area. In each 

box plot, the box represents 25% to 75% of the dataset with central line and square indicating the 

median value and the mean value respectively. The whiskers show data from 10% to 90%. The red 

dashed lines represent the 1:1 ratio.  
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2.3.4 Missing sources of acetaldehyde 

In this section we investigate the following processes as potential sources of acetaldehyde: (1) 

production as an inlet artifact, (2) oceanic emission of acetaldehyde, (3) anthropogenic primary 

sources, (4) biomass burning sources, and (5) other possible secondary formation pathways.   

2.3.4.1 Inlet artifact 

Northway et al. (2004) and Apel et al. (2008) reported that heterogeneous reactions of unsaturated 

organic species with ozone on the wall of the Teflon inlet can cause artifact signal of acetaldehyde 

but not of acetone. During AQABA, the highest and most variable ozone mixing ratios were 

observed during the campaign over the Arabian Gulf (mean: 80 ± 34 ppb) and the Red Sea North 

(66 ± 12 ppb), where a modest correlation was found between acetaldehyde and ozone over the 

Arabian Gulf (r2=0.54) and no significant correlation over the Red Sea North (r2=0.40). However 

larger correlation coefficients were identified between ozone and other carbonyls over the Arabian 

Gulf (see Figure S2.5), which suggests that the correlation was due to atmospheric photochemical 

production rather than artifacts. Moreover, acetaldehyde was found to have a much worse 

correlation with ozone during the nighttime compared to the correlation during the daytime over 

the Arabian Gulf (Figure 2.3b and c), which also indicates that inlet generation of acetaldehyde 

was insignificant. Over other regions, especially the remote area (the Arabian Sea and Gulf of 

Aden), ozone was relatively constant and low, with poor correlation with acetaldehyde mixing 

ratios. Although we cannot completely exclude the possible existence of artifacts, the interference 

is likely to be insignificant in this dataset.  

2.3.4.2 Oceanic emission 

A bias between measured acetaldehyde and global model simulations has been observed in 

previous studies conducted in the remote troposphere (Singh et al., 2003; Singh, 2004;Wang et al., 

2019) and in the marine boundary layer (Read et al., 2012). The aforementioned studies 

emphasized the potential importance of the seawater acting as a source of acetaldehyde emission 

via air-sea exchange. No significant correlation was found between acetaldehyde and dimethyl 

sulfide (DMS), a marker of marine biogenic emission which is produced by phytoplankton in 

seawater (Bates et al., 1992) (see Figure S2.6). This indicates that the direct biogenic acetaldehyde 

emissions from the ocean are probably insufficient to explain the measured acetaldehyde. More 

likely, acetaldehyde and other small carbonyl compounds can be formed in the sea especially in 

the surface microlayer (SML) via photodegradation of coloured dissolved organic matter (CDOM) 

(Kieber et al., 1990;Zhou and Mopper, 1997;Ciuraru et al., 2015). Zhou and Mopper (1997) 

calculated the exchange direction of small carbonyls based on measurement results and identified 

that the net flux of acetaldehyde was from the sea to the air, whereas formaldehyde was taken up 



 

 

66 

 

by the sea. Sinha et al. (2007) characterized air-sea flux of several VOCs in a mesocosm experiment 

and found that acetaldehyde emissions were in close correlation with light intensity (r=0.7). By 

using a 3-D model, Millet et al. (2010) estimated the net oceanic emission of acetaldehyde to be as 

high as 57 Tg a-1 (in a global total budget: 213 Tg a-1), being the second largest global source. A 

similar approach was applied in a recent study done by Wang et al. (2019), reporting the upper 

limit of the net ocean emission of acetaldehyde to be 34 Tg a-1. Yang et al. (2014) quantified the 

air-sea fluxes of several oxygenated VOCs (OVOCs) over the Atlantic Ocean by eddy covariance 

measurements, showing the ocean is a net source of acetaldehyde. Although Schlundt et al. (2017) 

reported uptake of acetaldehyde by the ocean from measurement-inferred fluxes in western Pacific 

coastal regions, to our knowledge, there is no direct experimental evidence showing the ocean to 

be a sink for acetaldehyde.  

In order to test the importance of the oceanic emission of acetaldehyde, we implemented this source 

in the EMAC model. The measured seawater concentration of acetaldehyde was not available for 

the water area around the Arabian Peninsula. Wang et al. (2019) estimated the global average 

acetaldehyde surface seawater concentrations of the ocean mixed layer using a satellite-based 

approach similar to Millet et al. (2010), where the model estimation agreed well with limited 

reported measurements. From the Wang et al. (2019) results, the averaged seawater concentration 

of acetaldehyde around the Arabian Peninsula was generally much higher from June to August. As 

the photodegradation of CDOM is highly dependent on sunlight, the air-sea submodel (Pozzer et 

al., 2006) was augmented to include throughout the campaign a scaled acetaldehyde seawater 

concentration in the range of 0 ~ 50 nM according to the solar radiation (Figure S2.7). With this 

approach, the average of acetaldehyde seawater concentration estimated by the model is 13.4 nM, 

a reasonable level compared to the predicted level by Wang et al. (2019).  

After adding the oceanic source of acetaldehyde, the model estimation was significantly improved 

(Figure 2.7). As the oceanic source in the model is scaled according to the solar radiation, the 

measurement-to-model ratios were more strongly reduced during the day compared to the night. 

With oceanic emission included, the model underestimation was less significant, within a factor of 

3 during the day and 4 during the night over the Mediterranean Sea, Red Sea and Gulf of Aden. 

The most significant improvement was identified over the Red Sea North. As shown in Figure 2.8, 

the model had much better agreement with the measurement after adding the oceanic source. The 

scatter plots for other regions can be found in Figure S2.8. Over the Arabian Sea, the model 

significantly overestimated acetaldehyde mixing ratios, indicating the input seawater concentration 

of acetaldehyde might be too high. The SML layer starts to be effectively destroyed by the wave 

breaking when the wind speed exceeds 8 m s-1 (Gantt et al., 2011). As the average wind speed over 

the Arabian Sea was highest among the cruised areas (8.1 ± 2.4 m s-1, Figure S2.1), less contribution 
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from the CDOM photodegradation to acetaldehyde in the surface seawater would be expected. For 

the Suez region, due to the limited model resolution (1.1o × 1.1o), little seawater was identified in 

the model, leading to negligible influence from the oceanic source.  

Model underestimation of acetaldehyde, especially over the Suez, Red Sea, and Arabian Gulf, is 

also likely to be related to the coarse model resolution (~ 1.1o × 1.1o) (Fischer et al., 2015). Where 

model grid points contain areas of land the higher and more variable terrestrial boundary layer 

height impacts the model prediction, whereas the measurements may only by influenced by a 

shallower and more stable marine boundary layer.  

 

Figure 2.7. Acetaldehyde measurement-to-model ratios without the oceanic source (white boxes) 

and with the oceanic source (blue boxes) in the model during (a) daytime and (b) nighttime in 

different regions. The boxes represent 25% to 75% of the dataset with the central line and square 

indicating the median and mean values, respectively. The whiskers show data from 10% to 90%. 

The red dashed lines represent the 1:1 ratio. 

 

 

Figure 2.8. Observed and simulated mixing ratios of acetaldehyde over the Red Sea North 

without oceanic emission (left) and with oceanic emission (right). The data points are separated 

into daytime and nighttime according to solar radiation. 
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2.3.4.3 Anthropogenic primary sources 

Over the Arabian Gulf and Suez, the intensive photochemical production of carbonyls is apparent. 

Bourtsoukidis et al. (2020) compared measured hydrocarbons (ethane, propane, and butane) with 

the results from model simulations (the same model used in this study with the newly discovered 

deep water source implemented). The model was able to reproduce the measurement over most 

regions expect for some significant model underestimations in the Suez and Arabian Gulf,  in which 

local and small-scale emissions  were difficult for the model to capture. Therefore, an 

underestimation of the precursor hydrocarbons, as well as those large alkanes, alkenes and cyclic 

hydrocarbons which were not measured (> C8) or included in the model (> C5), could be a reason 

for the model underestimation of acetaldehyde, especially in polluted regions. In addition, as 

mentioned in the previous case studies, high-ozone mixing ratios were observed over the Arabian 

Gulf especially during the nighttime. Ethene and propene were found to be significantly 

underestimated during the nighttime high-ozone period by a factor over 10 (Figure S2.9), which 

indicates that the nighttime ozonolysis of alkenes could be another important source of 

acetaldehyde, formaldehyde, and other carbonyls (Atkinson et al., 1995;Altshuller, 1993) in the 

Arabian Gulf. 

Acetaldehyde, an oxygenated VOC, is not generally considered an important primary emission 

from oil and gas fields, but instead a photochemical product of hydrocarbon oxidation (Yuan et al., 

2014;Koss et al., 2015;Koss et al., 2017). In contrast, primary sources of formaldehyde from oil 

and gas production processes including both combustion and non-combustion processes, have been 

ascertained (Vaught, 1991).  Le Baron and Stoeckenius (2015) concluded in their report onthe 

Uinta Basin winter ozone study that besides formaldehyde, the other carbonyls were poorly 

understood in terms of their primary sources. Acetaldehyde and other carbonyls (aldehydes and 

ketones) have been reported as primary emissions from fossil fuel combustion, including ship 

emissions (Reda et al., 2014;Xiao et al., 2018;Huang et al., 2018) and vehicle emissions (Nogueira 

et al., 2014;Erickson et al., 2014;Dong et al., 2014). A possible explanation for the measurement-

model discrepancy is that the active petroleum industry located in the Arabian Gulf and intensive 

marine transportation in the Suez are primary sources of acetaldehyde and other carbonyls which 

were not well constrained in the model. The Suez region, where the largest acetaldehyde 

discrepancy was identified, had a significant influence from biomass burning (see section 3.2.2). 

Biomass burning emissions are notoriously difficult to model as they are highly variable in both 

time and space. In this study, the model failed to reproduce the acetonitrile level with a range of 

only 40-50 ppt rather than 100-550 ppt measured over the Suez. Thus, besides the possibility of 

seawater emission from the Gulf of Suez and the Suez Canal, the underestimated biomass burning 

source in the model over the Suez, will lead to an underestimation of acetaldehyde as well as other 

carbonyl compounds in this region. 
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2.3.4.4 Other possible secondary formation pathways 

Although the model estimation was generally improved with the addition of an oceanic source, the 

model to measured ratios still varied over a wide range. As mentioned above, photodegradation of 

CDOM on the surface of seawater is a known source of acetaldehyde although some studies 

focusing on real seawater samples did not observe clear diel cycles of seawater acetaldehyde (Beale 

et al., 2013;Yang et al., 2014). Fast microbial oxidation could be a reason (Dixon et al., 2013), 

while other non-light-driven sources of acetaldehyde could be an alternative explanation. In a 

recent study, Zhou et al. (2014) reported enhanced gas-phase carbonyl compounds including 

acetaldehyde during a laboratory experiment of ozone reacting with SML samples, indicating 

acetaldehyde could also be produced under non-light-driven heterogeneous oxidation. Wang et al. 

(2019) ventured a hypothetical source that organic aerosol can be an extra source of unattributed 

acetaldehyde in the free troposphere through light-driven production and ozonolysis. However, 

since the yield of acetaldehyde from such reactions is unknown, large uncertainties remain. 

Previous studies have shown that the organic matter fraction was highest in smaller sea spray 

aerosols and that the aerosols contain both saturated and unsaturated fatty acids originating from 

the seawater surface (i.e. SML) (Mochida et al., 2002;Cochran et al., 2016). Thus, for the AQABA 

campaign, both photodegradation and heterogeneous oxidation could occur on the surface of sea 

spray and pollution-associated aerosols, even over the remote open ocean therefore being an extra 

source of acetaldehyde and other carbonyl compounds.  

Another acetaldehyde formation pathway reported is gas-phase photolysis of pyruvic acid (Eger et 

al., 2020;Reed Harris et al., 2016), a compound mainly of biogenic origin.  Pyruvic acid has been 

also observed in seawater (Kieber and Mopper, 1987;Zhou and Mopper, 1997) and was found up 

to 50 nM in the surface water of the eastern Pacific Ocean (Steinberg and Bada, 1984), while 

acetaldehyde was not the major product of aqueous-phase photolysis of pyruvic acid (Griffith et 

al., 2013). Zhou and Mopper (1997) pointed out that the net exchange direction for pyruvic acid is 

expected to be from the air to the sea due to high solubility, with a Henry’s law constant of 3.1×103 

mol m-3 Pa-1 (Sander, 2015). Moreover, partitioning to aerosols could be an important sink for 

pyruvic acid (Reed et al.,2014; Griffith et al., 2013) : an increasing concentration trend of pyruvic 

acid was observed in marine aerosols over the western North Pacific Ocean (Boreddy et al., 2017). 

Therefore, due to limited terrestrial biogenic sources of pyruvic acid for the AQABA campaign, 

the gas-phase level of pyruvic acid was expected to be low. Limited studies reported pyruvic acid 

level in marine the boundary layer and Baboukas et al. (2000) measured 1.1 ± 1.0 ppt of pyruvic 

acid above the Atlantic Ocean. Pyruvic acid was measured by Jardine et al. (2010) using a PTR-

MS at m/z 89 in a forested environment. For the AQABA PTR-ToF-MS dataset, enhanced signals 

were observed at m/z 89.024, with a mean mixing ratio of 35-110 ppt over different regions (Table 

S2.4), which is much more abundant than reported pyruvic acid levels by Baboukas et al. (2000).  



 

 

70 

 

This might be due to the uncertainty associated with the theoretical methods of quantification used 

here or the presence of isomeric compounds on that mass, since pyruvic acid was not calibrated 

with the standard. Even if we assume the m/z 89.024 to be entirely pyruvic acid, with 60% yield 

of acetaldehyde via photolysis (IUPAC, 2019), it gave a maximum of 13 ppt of acetaldehyde over 

the Arabian Gulf and 5-9 ppt over other regions, which were only 0.8% - 6% of the mean mixing 

ratios (Table S2.4). Detailed information on the calculation can be found in the Supporting 

Information. Therefore, we conclude that the contribution from the photolysis of pyruvic acid is 

not an important source of the unattributed acetaldehyde during the AQABA campaign. 

2.4 Summary and conclusion 

Observations of carbonyl compounds around the Arabian Peninsula were investigated in terms of 

mixing ratio abundance over different areas. Aliphatic carbonyl compounds were generally more 

abundant than the unsaturated and aromatic carbonyl compounds and were dominated by low-

molecular-weight compounds (carbon number less than five).  Aliphatic carbonyl compounds were 

found at the highest mixing ratios over the Arabian Gulf followed by the Suez region, while the 

lowest mixing ratios were observed over the Arabian Sea and the Gulf of Aden. Over the 

Mediterranean Sea, aliphatic carbonyls were low except for acetone, which was much higher 

compared to the levels observed over clean remote areas (i.e. Arabian Sea). The atmospheric 

composition over the Red Sea showed obvious differences between the northern and southern parts, 

with higher mixing ratios in the north. Similar region-dependent distributions were observed for 

unsaturated and aromatic carbonyls. Generally, the mixing ratios of aromatic carbonyl compounds 

decreased as the carbon number increased. Particularly over the Suez region, benzaldehyde (C7 

aromatic carbonyls) was much more abundant than other aromatic carbonyls, indicating direct 

sources as well as abundant oxidation precursors. For unsaturated carbonyl compounds, C5 and C6 

carbonyl compounds dominated the mixing ratio distribution, while the air chemistry highly 

depends on the chemical structure assignment of those masses. 

Further case studies showed that the carbonyl compounds were highly correlated with the high 

ozone levels during daytime over the Arabian Gulf while the air chemistry in the Suez region was 

strongly influenced by regional biomass burning. Due to the unexpectedly high loading of m/z 69 

(usually assigned as isoprene) observed in highly polluted regions, we further identified the 

correlations between m/z 69 and other fragmentation masses of cycloalkanes according to previous 

studies conducted in oil and gas regions (Warneke et al., 2014;Yuan et al., 2014;Koss et al., 2017). 

The high correlations among fragments implied the existence of cycloalkanes in the polluted 

regions, which could be further oxidized to unsaturated carbonyl compounds (cyclic ketones or 

aldehydes).  
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As acetaldehyde was identified as having important additional sources, we further compared the 

measurements of major carbonyl species (acetaldehyde, acetone, and MEK) with a comprehensive 

global atmospheric chemistry model (EMAC). Acetaldehyde was found to have the highest 

discrepancy between the observations and model simulations, with the simulated values lower by 

up to a factor of 10. By adding an oceanic source of acetaldehyde produced via light-driven 

photodegradation of CDOM in the seawater, the model estimation improved significantly, 

especially over the Red Sea North. With the oceanic source added, modelled acetaldehyde became 

slightly overestimated in clean regions, suggesting that the emission rate employed represents an 

upper limit. The results indicate that the ocean plays an important role in the atmospheric 

acetaldehyde budget, under both clean and polluted conditions. The underestimated acetaldehyde 

in the model is significant as it will influence the atmospheric budget of e.g. PAN. As shown in 

Figure 2.1, multiple sources and formation pathways need to be considered to better understand 

the atmospheric budget of acetaldehyde. Additional laboratory experiments and field 

measurements are necessary in order to verify all possible atmospheric formation mechanisms and 

to improve model simulations. 
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Supplementary 

 

Figure S2.1. Wind map of each area and ship cruise. The number on the left top of each map 

represents the mean ± standard deviation of the wind speed in each area. The data used for map 

plotting was from public domain GIS data found on the Natural Earth web site 

(http://www.naturalearthdata.com) was read into Igor using the IgorGIS XOP beta. 

 

 

 
Figure S2.2. Comparison of (a) benzene and (b) toluene measured by GC-FID and PTR-ToF-MS 

(data from PTR-Tof-MS was averaged to GC time resolution of 50 min).  

 

http://www.naturalearthdata.com/
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Figure S2.3. Scatter plots between benzene and toluene mixing ratios for Arabian Gulf and Suez. 

Red dashed line represents the initial emission ratio (values with underlined numbers on the top 

right of each figure) determined for further OH exposure calculation. 

 

 
Figure S2.4. Comparison of model results for carbonyls with and without input of the ethane and 

propane deep water source in the North Red Sea. 

 

 
Figure S2.5. Scatter plots of carbonyls and ozone mixing ratios over the (a) Arabian Gulf (AG) 

and (b) Red Sea North (RSN). 
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Figure S2.6. Scatter plots between dimethyl sulfide (DMS) and acetaldehyde mixing ratios over 

the eight regions (10 minute average). 

 

 
Figure S2.7. Estimated water concentration of acetaldehyde (nM) scaled according to solar 

radiation. The black dash line indicates the mean level 13.4 nM. 
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Figure S2.8. Scatter plots between measured and model simulated mixing ratios for acetaldehyde 

in different regions without ocean source (graph on the left side of each region labeled with No 

Ocean) and with ocean emission source (graph on the right side of each region labeled with Ocean 

E). The data points are further separated into day- and nighttime according to solar radiation. 

 

 

 
Figure S2.9. Time series of ozone mixing ratios and measurement to model ratios of acetaldehyde, 

propene and ethene over the Arabian Gulf (shaded area represents daytime). 

 



 

 

86 

 

Table S2.1. Detection limit (LOD) and total uncertainty of standard gas calibrated trace gases 

during AQABA 
Compounds Protonated 

Masses 

LOD (mean ± 3б) 

 (ppt) 

LOD Range 

(ppt) 

Total 

Uncertainty (%) 

Methanol 33.0335 105 ± 40 31-302 17 

Acetonitrile 42.0339 13 ± 3 4-23 6 

Acetaldehyde 45.0335 52 ± 26 10-194 8 

Acetone  59.0492 22 ± 9 6-122 6 

DMS 63.0263 13 ±5 2-30 12 

Isoprene 69.0699 15 ± 10 2-98 6 

Methacrolein/  

Methyl Vinyl Ketone 
71.0492 7 ± 2 2-19 

6 

MEK 73.0648 9 ± 6 3-80 6 

Benzene 79.0543 6 ± 2 2-16 7 

Toluene 93.0699 4 ± 1 1-8 8 

Xylene 107.0856 4 ± 1 1-10 7 

1,3,5-

Trimethylbenzene 
121.1012 3 ± 1 1-13 7 

α-pinene  137.1325 5 ± 3 2-38 7 

 

Table S2.2. Protonated masses, chemical formula and limit of detection of carbonyl compounds. 

Protonated 

Masses 

Chemical  

Formula 

LOD Average 

 (ppt) 

LOD Range 

(ppt) 

Aliphatic CCs CnH2nOH+   

87.0805 C5H10OH+ 10 4-28 

101.0961 C6H12OH+ 11 3-34 

115.1118 C7H14OH+ 7 1-22 

129.1274 C8H16OH+ 6 1-24 

143.1431 C9H18OH+ 5 1-28 

Unsaturated CCs CnH2n-2OH+   

85.0648 C5H8OH+ 12 3-34 

99.0805 C6H10OH+ 12 3-39 

113.0961 C7H12OH+ 6 1-19 

127.1118 C8H14OH+ 5 1-9 

141.1274 C9H16OH+ 4 1-12 

Aromatic CCs CnH2n-8OH+   

107.0492 C7H6OH+ 10 3-31 

121.0648 C8H8OH+ 7 2-21 

135.0805 C9H10OH+ 12 2-45 

 

 

 

 

 



 

 

87 

 

Table S2.3. OH rate constant of hydrocarbons and carbonyls mentioned in the study 

Formula Compound CAS 

k (OH) 

cm3 molecule-1s-1 

at 298K 

Alkanes    

CH4 methane* 74-82-8 6.40E-15 

C2H6 ethane* 74-84-0 2.40E-13 

C3H8 propane* 74-98-6 1.10E-12 

C4H10 i-butane 75-28-5 2.12E-12 

C4H10 n-butane* 106-97-8 2.35E-12 

C5H12 i-pentane 78-78-4 3.60E-12 

C5H12 n-pentane 109-66-0 3.80E-12 

C6H14 i-hexane 107-83-5 5.20E-12 

C6H14 n-hexane 110-54-3 5.20E-12 

C7H16 n-heptane 142-82-5 6.76E-12 

C8H18 octane 111-65-9 8.11E-12 

Alkenes    

C2H4 ethene  8.52E-12 

Aliphatic Carbonyls    

CH2O formaldehyde* 50-00-0 8.50E-12 

C2H4O acetaldehyde* 75-07-0 1.50E-11 

C3H6O acetone* 67-64-1 1.80E-13 

C4H8O methyl ethyl ketone* 78-93-3 1.10E-12 

C5H10O 

2-pentanone 107-87-9 4.40E-12 

3-pentanone 96-22-0 2.00E-12 

3-methyl-2-butanone 563-80-4 2.90E-12 

C6H12O 

3,3-dimethyl-2-butanone 75-97-8 1.20E-12 

2-hexanone 591-78-6 9.10E-12 

3-hexanone 589-38-8 6.90E-12 

4-methyl-2-pentanone 108-10-1 1.30E-11 

3-methyl-2-pentanone 565-61-7 6.90E-12 

C7H14O 

2,4-dimethyl-3-pentanone 565-80-0 5.00E-12 

2-heptanone 110-43-0 1.10E-11 

5-methyl-2-hexanone 110-12-3 1.00E-11 

C8H16O 2-octanone 111-13-7 1.10E-11 
Compounds marked with * represent k(OH) taken from Atkinson et.al. (2006). Otherwise k (OH) were taken from Atkinson and Arey (2003). 
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Calculation of acetaldehyde yield from pyruvic acid photolysis 

In order to verify the contribution from the photolysis of pyruvic acid to acetaldehyde, we 

calculated the expected acetaldehyde produced through pyruvic acid photolysis over different 

regions assuming: (1) m/z 89.0234 is fully assigned to pyruvic acid; (2) the loss of pyruvic acid is 

only through photolysis; (3) 60% is the yield of acetaldehyde via pyruvic acid photolysis 

recommended by IUPAC (2019); (4) the loss of acetaldehyde is only through OH oxidation. The 

acetaldehyde produced via pyruvic acid photolysis can be calculated using following equation 

(consecutive reactions): 

[𝐴𝑐𝑒𝑡𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒] = [𝑃𝑦𝑟𝑢𝑣𝑖𝑐 𝑎𝑐𝑖𝑑]
𝐽𝑃𝐴

𝑘𝑂𝐻[𝑂𝐻]−𝐽𝑃𝐴
[exp(−𝐽𝑃𝐴∆𝑡) − exp(−𝑘𝑂𝐻 × [𝑂𝐻]∆𝑡 )Eq. S2.1                     

[𝑃𝑦𝑟𝑢𝑣𝑖𝑐 𝑎𝑐𝑖𝑑] is the mean of pyruvic acid mixing ratio in each region. 𝐽𝑃𝐴  represents the mean 

photolysis rate constant of pyruvic acid during the daytime (dawn to dusk) in each region calculated 

from the wavelength resolved actinic flux data using quantum yield of 0.2 as suggested by IUPAC 

(2019). The 𝑘𝑂𝐻 is the rate constant of acetaldehyde reacting with OH radical (1.5 × 10-11 cm3 

molecule-1s-1, Table S2.3). The [𝑂𝐻] concentrations in each area were the mean values during the 

daytime obtained from the EMAC model. The maximum acetaldehyde level as well as the 

corresponding time (∆𝑡 ) can be derived from Eq. S2.1 as ∆𝑡 is the only variable. The results are 

shown in Table S4.  

Table S2.4. Mean photolysis rate constant of pyruvic acid, OH concentrations, relative time (∆t ) 

needed to reach the maximum acetaldehyde yield from pyruvic acid photolysis, maximum 

acetaldehyde and its fraction accounting the mean level over regions. 

Regions 
𝐽𝑃𝐴  
(s-1) 

OH 

(molecules cm-3) 

m/z 89.0234 

pyruvic acid (H+) 

(ppt) 

∆t 

(h) 
Acetaldehyde  

maximum (ppt) 

Fractions  

(%) 

MS 3.51 × 10-5
 6.52 × 106

 39 ± 8 5.6 5.6 1.85 

SC 3.44 × 10-5
 7.42 × 106

 42 ± 9 5.2 5.3 0.85 

RSN 3.52 × 10-5
 7.14 × 106

 35 ± 14 5.2 4.7 0.92 

RSS 3.00 × 10-5
 8.74 × 106

 61 ± 15 4.9 6.2 1.98 

GA 3.11 × 10-5
 7.20 × 106

 57 ± 12 5.5 6.8 3.60 

AS 2.74 × 10-5
 4.35 × 106

 59 ± 12 7.8 9.4 5.88 

GO 3.31 × 10-5
 7.89 × 106

 65 ± 10 5.0 7.6 2.91 

AG 3.29 × 10-5
 7.81 × 106

 110 ± 53 5.1 12.9 0.75 
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Abstract 

The Arabian Peninsula is characterized by high and increasing levels of photochemical air pollution. 

Strong solar irradiation, high temperatures and large anthropogenic emissions of reactive trace 

gases result in intense photochemical activity, especially during the summer months. However, air 

chemistry measurements in the region are scarce. In order to assess regional pollution sources and 

oxidation rates, the first ship-based direct measurements of total OH reactivity were performed in 

summer 2017 from a vessel travelling around the peninsula during the AQABA (Air Quality and 

Climate Change in the Arabian Basin) campaign. Total OH reactivity is the total loss frequency of 

OH radicals due to all reactive compounds present in air and defines the local lifetime of OH, the 

most important oxidant in the troposphere. During the AQABA campaign, the total OH reactivity 

ranged from below the detection limit (5.4 s-1) over the north-western Indian Ocean (Arabian Sea) 

to a maximum of 32.8 ± 9.6 s-1 over the Arabian Gulf (also known as Persian Gulf) when air 

originated from large petroleum extraction/processing facilities in Iraq and Kuwait. In the polluted 

marine regions, OH reactivity was broadly comparable to highly populated urban centers in 

intensity and composition. The permanent influence of heavy maritime traffic over the seaways of 

the Red Sea, Gulf of Aden and Gulf of Oman resulted in median OH sinks of 7.9−8.5 s-1. Due to 

the rapid oxidation of direct volatile organic compound (VOC) emissions, oxygenated volatile 

organic compounds (OVOCs) were observed to be the main contributor to OH reactivity around 

the Arabian Peninsula (9−35 % by region). Over the Arabian Gulf, alkanes and alkenes from the 

petroleum extraction and processing industry were an important OH sink with ~9 % of total OH 

reactivity each, whereas NOx and aromatic hydrocarbons (~10 % each) played a larger role in the 

Suez Canal, which is influenced more by ship traffic and urban emissions. We investigated the 

number and identity of chemical species necessary to explain the total OH sink. Taking into account 

~100 individually measured chemical species, the observed total OH reactivity can typically be 

accounted for within the measurement uncertainty (50 %), with 10 dominant trace gases accounting 

for 20−39 % of regional total OH reactivity. The chemical regimes causing the intense ozone 

pollution around the Arabian Peninsula were investigated using total OH reactivity measurements. 

Ozone vs. OH reactivity relationships were found to be a useful tool for differentiating between 

ozone titration in fresh emissions and photochemically aged air masses. Our results show that the 

ratio of NOx- and VOC-attributed OH reactivity was favorable for ozone formation almost all 

around the Arabian Peninsula, which is due to NOx and VOCs from ship exhausts and, often, oil/gas 

production. Therewith, total OH reactivity measurements help to elucidate the chemical processes 

underlying the extreme tropospheric ozone concentrations observed in summer over the Arabian 

Basin.   
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3.1 Introduction 

The Arabian Peninsula is a hotspot of global change. It is already subject to extremes of heat and 

drought, which are predicted to intensify (Zhang et al., 2005; Wasimi, 2010; Chenoweth et al., 

2011; Tanarhte et al., 2012; Lelieveld et al., 2012; Terink et al., 2013; Donat et al., 2014; Cook et 

al., 2016; Lelieveld et al., 2016), and to photochemical air pollution (Lelieveld et al., 2009; 

Smoydzin et al., 2012; Abdelkader et al., 2015; Farahat, 2016). The Middle East accommodates 

densely populated urban centers with a total of 350 million people, and is a hub of fossil fuel 

extraction and processing with more than half of the world’s known oil and gas reserves (Khatib, 

2014). Moreover, the waters surrounding the Arabian Peninsula are key routes of global trade and 

bottlenecks for marine traffic, another source of air pollution (Endresen, 2003; Eyring, 2005; 

Boersma et al., 2015; Mertens et al., 2018) that is expected to increase in the future (Eyring et al., 

2007).  

Photochemistry in the region is thought to be particularly active due to a combination of factors: 

large anthropogenic emissions of reactive hydrocarbons and NOx (= NO + NO2) from the petroleum 

industry, shipping and energy-intensive urban areas; with high levels of solar irradiation and hence 

photolysis rates; and high temperature, which disfavors NOx reservoirs such as PAN and N2O5. 

The main regional photochemical oxidation process is initiated by ozone photolysis to O(1D), 

which reacts with water vapor to form hydroxyl radicals (OH). The OH radicals react with volatile 

organic compounds (VOCs) to yield peroxy radicals that can convert NO to NO2, leading to ozone 

formation (Haagen-Smit, 1952; Sillman, 1999; Ren et al., 2013). The abundance of precursors and 

intense photochemistry make conditions in the Arabian Basin very favorable for photochemical 

ozone production, leading to extremely high ozone mixing ratios up to 200 ppb (Lelieveld et al., 

2009; Smoydzin et al., 2012; Krotkov et al., 2016). Ozone formation was reported to be enhanced 

even 300 km downwind of a hydrocarbon processing facility at the coast of the Arabian Gulf 

(Moradzadeh et al., 2019). In addition, VOC oxidation by OH and ozone can generate secondary 

organic aerosol (Grosjean and Seinfeld, 1989; Kroll and Seinfeld, 2008) with implications for 

human health (Lelieveld et al., 2015) and regional radiative budgets (Ezhova et al., 2018).  

Despite being an air pollution hotspot, very few observational atmospheric data exist from the 

Arabian Basin, and studies of VOCs in the region are scarce and mostly urban (Doskey et al., 1999; 

Matysik et al., 2010; Salameh et al., 2014; Simpson et al., 2014; Khalil et al., 2016; Salameh et al., 

2016; Barletta et al., 2017). In order to chemically map the region, a comprehensive suite of 

atmospheric measurements was performed from a ship sailing around the Arabian Peninsula in 

summer 2017 during the AQABA (Air Quality and Climate Change in the Arabian Basin) cruise. 

The number of known VOCs in air has been estimated to be between 104 and 105 species (Goldstein 

and Galbally, 2007), and it is assumed that many more remain unknown. Accounting for all of 



 

 

92 

 

these chemical compounds individually with quantitative measurements is currently unfeasible. 

Instead, the combined load of OH reactive species (mainly VOCs and CO) in ambient air, termed 

the total OH reactivity, can be measured directly. Total OH reactivity denotes the total sink, or loss 

frequency, of the OH radical. When compared to the OH reactivity calculated from all individually 

measured compounds (termed the speciated OH reactivity), total OH reactivity can be used to infer 

the occurrence of VOCs that were not measured (termed the unattributed or “missing” OH 

reactivity). Moreover, total OH reactivity is necessary for a quantitative understanding of ozone 

production and can help estimating its sensitivity to VOCs and NOx (Kirchner et al., 2001; Sinha 

et al., 2010; Pusede et al., 2014; Yang et al., 2017). The OH sink also affects the atmospheric 

residence time of methane and therewith its global budget, which still poses a challenge in models 

(Zhao et al., 2019). 

With VOC and NOx emissions from ship exhausts (Boersma et al., 2015; Endresen, 2003; Huang 

et al., 2018) and VOCs from oil and gas operations (Buzcu and Fraser, 2006; Gilman et al., 2009; 

Gilman et al., 2013; Schade and Roest, 2016; Milazzo et al., 2017), the air around the Arabian 

Peninsula is expected to contain significant levels of pollution. In Saudi Arabian cities, OH 

reactivity has been reported to range from 14 to 42 s-1 (from the sum of individual measurements), 

dominated by alkenes (Barletta et al., 2017). Downwind of oil and gas production in Colorado, OH 

reactivity of VOCs was dominated by alkanes (60 %), followed by OVOCs (27 %) and alkenes 

(8 %; Gilman et al., 2013). The largest OH sink among the VOCs in the exhaust plume of a ship 

operating at full speed are alkenes (42 %), followed by aromatics (40 %), OVOCs (12 %) and 

alkanes (5 %; estimated using emission factors from Huang et al., 2018).  

Unattributed OH reactivity in locations dominated by anthropogenic VOCs has been measured to 

be as low as zero in Lille, France (Hansen et al., 2015) or New York, U.S. (Ren et al., 2006), to 

10−54 % in Paris, France (Dolgorouky et al., 2012) and 10−80 % in Tokyo, Japan (Yoshino et al., 

2006). However, comparing unattributed OH reactivity between different studies is difficult, 

because it depends on the air mass and coverage of inorganic trace gases and VOCs measured in 

each campaign. In this work, we apply an approach that aims to use comprehensive trace gas 

information gathered by various instruments, even compounds with unidentified chemical structure 

measured by PTR−ToF−MS, for calculation of speciated OH reactivity. Therewith, we identify the 

trace gases representing the major OH sinks and try to obtain closure on apportioning OH reactivity.  

This study provides an overview of total OH reactivity around the Arabian Peninsula and 

investigates its sources in the different environments along the route of the campaign. Total OH 

reactivity is applied for assessing the regional oxidation chemistry and the underlying reasons for 

the extreme ozone concentrations observed in summer over the Arabian Basin. By combining OH 

reactivity and ozone measurements, we aim to investigate ozone production processes and to 
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identify differentiated chemical regimes. We demonstrate the utility of in-situ OH reactivity 

measurements to characterize the role of anthropogenic emissions in modifying the chemical 

composition of the air. 

3.2  Materials and methods 

3.2.1 AQABA campaign 

The Air Quality and Climate Change in the Arabian Basin (AQABA) measurements took place on-

board the vessel Kommandor Iona from June 25 till September 3, 2017. The first leg began in La-

Seyne-sur-mer (near Toulon, France), continued via the Mediterranean, the Suez Canal, the Red 

Sea, the Indian Ocean, the Gulf of Oman and the Arabian Gulf to Kuwait. On the second leg, the 

vessel returned via the same route (Fig. 3.1a/b). The ship was equipped with a weather station and 

four laboratory containers with instrumentation for in-situ and offline monitoring of a large suite 

of (trace) gases, particles and radicals.  

3.2.2 Sampling 

Air sampling was performed from a high-flow (10 m³ min-1) cylindrical stainless steel inlet 

(sampling height: 5.5 m above deck, diameter: 0.2 m), situated between the containers on the front 

deck of the ship. This position ensured that inlets were ahead of any contamination sources from 

the vessel itself when pointed into the wind. Air was drawn from the center of the high-flow inlet 

and sub-sampled at a rate of approximately 5 slpm (standard L min-1, first leg) and 3 slpm (second 

leg) into an air conditioned laboratory container using a FEP (fluorinated ethylene propylene) inlet 

tube (1/2” = 1.27 cm o.d., length ca. 10 m), heated to 50−60 °C. A PTFE (polytetrafluoroethylene) 

filter, changed weekly (and additionally after intense particle contamination events such as dust 

storms), prevented contamination of the sub-sampling line by particles or sea spray. This inlet 

system was used for monitoring both VOCs and total OH reactivity simultaneously. We assume 

that the length of the inlet prevented some of the larger, extremely low volatile VOCs from reaching 

the instruments (see Sect. 3.3.3). The combined inlet residence time in FEP tubing and reactor for 

the OH reactivity instrument was determined as ≈ 15 s during the first leg and ≈ 25 s during the 

second leg by spiking with acetone.  

3.3.3 OH reactivity and trace gas measurements 

Total OH reactivity was measured using the Comparative Reactivity Method (CRM, Sinha et al., 

2008), which proved to be robust enough to run nearly continuously for 10 weeks on a ship, often 

in rough conditions due to high waves. The method has been applied in many regions of the world 

(Yang et al., 2016) and has recently been compared to other methods (Fuchs et al., 2017). The 

CRM is based on a competitive reaction between reactive compounds from ambient air and a 
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reagent, pyrrole (Westfalen AG, Münster, Germany), inside a glass reactor. OH radicals are 

produced in the reactor by flushing humidified nitrogen (6.0 grade, Westfalen AG, Münster, 

Germany) over a Hg/Ar UV lamp (LOT Quantum Design, Darmstadt, Germany). CRM uses three 

different modes: C1 (pyrrole + OH scavenger + UV light, at ≈ ambient humidity), C2 (OH + pyrrole, 

ambient humidity), and C3 (ambient air + pyrrole + OH). For more details of the method see Sinha 

et al. (2008) and Michoud et al. (2015). The system was operated at a pyrrole/OH ratio of 1.9 ± 0.1 

(average ± standard deviation). Because this ratio deviates from pseudo-first order conditions, as 

is typical for CRM, a correction needed to be applied (see Sect. 3.2.4).  Sampling air was 

continuously drawn into the system and the instrument was switched between C3 (measured for 

22-24 minutes) and C2 (measured for 6-8 min) modes. The longer C2 measurements were used 

when ambient humidity was unstable. C1 was determined every 5−7 days (average ± standard 

deviation over the whole campaign: 60.71 ± 1.18 ppb of pyrrole). Changes in pyrrole mixing ratio 

were monitored by a Proton Transfer Reaction-Quadrupole Mass Spectrometer (PTR−QMS, 

Ionicon Analytik, Innsbruck, Austria (Lindinger and Jordan, 1998) at m/z = 68 (dwell time: 5 s). 

The PTR−QMS was calibrated every week. It was operated at 60 °C drift temperature, 2.2 mbar 

drift pressure and 600 V drift voltage (E/N = 137 Td). In parallel, a PTR−Time of Flight (ToF)−MS 

was deployed to monitor VOCs and OVOCs (m/z up to 280), and a gas chromatograph with flame 

ionization detector (GC−FID) to monitor non-methane hydrocarbons (NMHCs; 20 compounds). 

Average detection limits for the different NMHCs ranged from 1−25 ppt. The NMHC and methane 

measurements are described in detail elsewhere (Bourtsoukidis et al., 2019). The PTR-ToF-MS 

was deployed at 60 °C drift temperature, 2.2 mbar drift pressure and 600 V drift voltage (E/N = 

137 Td). 1,3,5-trichlorobenzene was fed continuously into the sample stream for mass scale 

calibration. The time resolution of the measurement was 1 min and background measurements were 

performed every 3 h for 10 min. The PTR-ToF-MS was calibrated with a multicomponent 

pressurized gas VOC standard (Apel-Riemer Environmental Inc., Colorado, USA). Mass 

resolution (full width at half maximum) at 96 amu ranged between ~3500 and ~4500. Average 

detection limits for the compounds measured by PTR-ToF-MS ranged from 1−107 ppt. A full list 

of the trace gases measured by GC-FID and PTR-ToF-MS can be found in Table S1. 

Formaldehyde (HCHO) and inorganic trace gases (NO, NO2, O3, SO2) were measured sampling 

from the same chimney (the instruments used are specified in Table S1). Based on SO2, NOx and 

ethene measurements, a filter was applied to exclude sampling periods that were influenced by the 

vessel’s own exhaust.  

3.3.4 Total OH reactivity data analysis 

CRM data analysis was conducted following the general procedures described in Keßel (2016) and 

Pfannerstill et al. (2018).  
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Humidity in C2 (background) measurements can differ from that of C3 (ambient) measurements 

because C2 was measured only twice per hour. As the amount of OH radicals generated in the 

CRM reactor depends on humidity, C2 data were corrected for these C2/C3 humidity differences 

by applying an empirical relationship of the pyrrole signal vs. the PTR−MS water cluster signal as 

described in Michoud et al. (2015). The C2 correction applied to match C3 humidity decreased 

pyrrole levels by on average 0.05 ± 0.04 ppb, corresponding to an OH reactivity of ≈ 0.3 s-1. NO, 

NO2 and ozone cause interferences in CRM due to OH recycling induced by HO2, which is formed 

in the reactor simultaneously with OH (Sinha et al., 2008; Michoud et al., 2015; Fuchs et al., 2017). 

Ozone, NO and NO2 interferences were quantified in the laboratory (details of the experiments can 

be found in Sect. S1). NO2 loss and conversion to NO in the mass flow controller during tests was 

monitored by an NO/NO2 analyzer (Two-channel-chemiluminescence detector). The combined 

NO, NO2 and ozone corrections amounted to a median of ~24 % of total OH reactivity or an 

average of 0.36 ± 0.19 ppb of pyrrole over the whole campaign, which equals ≈ 1.9 s-1, with a 

maximum absolute correction of 1.39 ppb (7.4 s-1 / 27 % of total OH reactivity) under the influence 

of closely located ship emissions (high NOx). A frequency distribution of the corrected fraction of 

total OH reactivity is displayed in Fig. S1. 

The calculation of total OH reactivity with the CRM equation (see Sinha et al., 2008) assumes 

pseudo-1st-order conditions inside the reactor, which can, however, not be met while preserving a 

reasonable sensitivity (C3−C2 difference). The correction for deviation from pseudo-1st-order 

conditions inside the reactor was derived from empirical test gas measurements adapted from the 

approach in Michoud et al. (2015). The deviation from pseudo-1st-order depends on the 

pyrrole/OH ratio and on the reaction rate constant of the measured trace gas towards OH. Trace 

gases with fast reaction rates (comparable to that of pyrrole) require the largest correction because 

their concentration inside the reactor decreases at a similar rate as that of pyrrole, leading to an 

underestimation of their reactivity. Such gases, namely alkenes, were sometimes present during 

AQABA (e.g. a C5H8-alkene which was not isoprene). This is why we did not use an average 

correction factor for all gas mixes as in Michoud et al. (2015), but applied a correction where the 

composition of the air mass is taken into account. Test gases used were toluene (for aromatics 

correction), isoprene and propene (for alkenes correction), propane and cyclohexane (correction 

for other species). These test gases are representative of the relevant trace gases and ranges of 

reaction rate coefficients observed during AQABA. In test experiments, these trace gases were 

added to the CRM system in known amounts, i.e. known total OH reactivities, at pyrrole/OH ratios 

representative for the campaign. The correction factors resulting from comparing the observed 

reactivity with the expected reactivity were weighted according to the measured composition of 

the ambient air at the moment of observation: 
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F = a Xaromatic + b Xalkenes + c (1 - Xarom - Xalkenes)                                               Eq. (3.1), 

where F is the total correction factor and the weighted compound-class-specific correction factors 

are a = 1.22, b = 2.89 and c = 1.44. X is the speciated OH reactivity fraction (in s-1 s) of the 

respective class of compounds (aromatics, alkenes). This correction increased OH reactivity by a 

factor of 1.4 to 2.5 (average ± standard deviation: F = 1.5 ± 0.1, median = 1.5).  

The dilution of ambient air with humidified nitrogen was accounted for with a dilution factor of 

1.34. 

The 5 min detection limit (LOD) was 5.4 s-1, derived from the 2σ standard deviation of clean air 

measurements in the Arabian Sea. Total uncertainty (1 σ) of the measurements was ~ 50 % (median 

and average), with a precision of 10−76 % over 5 min depending on the quantity of reactivity.  

3.3.5 Calculated OH reactivity from individually measured compounds 

(speciated OH reactivity) 

The speciated OH reactivity is the sum of the OH reactivities attributed to individual (measured) 

trace gases: 

R = Σ kM+OH [M]                                                   Eq. (3.2) 

Contributions of trace gases (M, where [M] is their respective concentration in molecules cm-3) to 

OH reactivity (R in s-1) are calculated using the reaction rate constants (kM+OH in cm3 molecule-1 

s-1) of the respective trace gases (M) with the OH radical. The difference between measured total 

OH reactivity and the sum of individual trace gas contributions to OH reactivity is termed 

“unattributed” or “missing” OH reactivity. The trace gases taken into account here for calculating 

speciated OH reactivity and their reaction rate constants used are listed in Table S1. Out of a total 

of 120 chemical species that were considered for the calculation of speciated reactivity, 42 chemical 

species (specified in Table S1), including many of the known important contributors to OH 

reactivity, were calibrated with gas standards and therefore have low uncertainties in their 

concentrations as well as in their reaction rate coefficients (5−15 %). A further 78 exact masses 

(specified in Table S1) monitored by PTR−ToF−MS were attributed to molecular formulae, and 

their concentrations derived using a theoretical approach (Lindinger and Jordan, 1998), which has 

an uncertainty of ca. 50 %. In cases where several trace gases could be responsible for the measured 

mass, an average of the known reaction rate coefficients with OH was used for calculating the 

speciated OH reactivity. In the few cases where rate coefficients were unknown in literature, the 

rate coefficient of a trace gas with comparable functional groups was applied (see Table S1). The 

uncertainty of the reaction rate coefficients kM+OH is estimated to be 100 % due to the occasional 

large differences in rate coefficients between possible structures. The uncertainty of the resulting 
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speciated (i.e. calculated) OH reactivity depends on the fraction of gas-standard calibrated 

compounds in the ambient air at any given point of time and varies between 10 % and 92 %, with 

an average and median of 45 % over the whole campaign. In accordance with the time resolution 

of the GC-FID, which monitored compounds with a significant share of OH reactivity, speciated 

OH reactivity was calculated in 50 min time resolution.  

3.3.6 Air mass back trajectories 

To investigate the origin of air masses encountered, back trajectories were derived using the Hybrid 

Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT, version 4, 2014). This model 

is a hybrid between a Lagrangian and an Eulerian model for tracing small imaginary air parcels 

forward or back in time (Draxler and Hess, 1998). Back trajectories were calculated based on a 

start height of 200 m above sea level, going 216 h back in time on an hourly grid beginning at the 

ship position. 

3.3 Results and discussion 

3.3.1 Overview of total OH reactivity around the Arabian Peninsula 

The air masses encountered during the AQABA campaign were delineated according to the 

geographical region (Fig. 3.1a/b). A notable difference between leg 1 and leg 2 was the general 

wind direction over the Arabian Gulf, which changed from north-west (from Iraq/Kuwait) to 

northeast (from Iran). The range of observed total OH reactivities over the whole campaign was 

from below the detection limit over the Arabian Sea (north-west Indian Ocean) up to 303.6 ± 83.9 s-

1 during fueling/bunkering of the ship at the port of Fujairah (United Arab Emirates), due to fresh 

fuel emissions. The largest fraction of attributed OH reactivity was provided by OVOCs in almost 

all AQABA regions (9−35 %), which is comparable to previous studies in the oil impacted region 

of Houston, where between 11 % and 24 % of the OH sink was due to OVOCs (Mao et al., 2010). 

There were notable regional differences in both the total OH reactivity and the contributing trace 

gases, which will be discussed hereafter. An overview is displayed in Table 3.1, which divides the 

reactivity into different chemical families. A list of chemical species attributed to each chemical 

family is available in Table S1. 

The measured sulfur-containing VOCs (SVOCs) and halogenated VOCs (HalVOCs) played 

virtually no role for OH reactivity in any of the AQABA regions (Table 3.1). The OH reactivity of 

the monitored NVOCs (nitrogen-containing VOCs) was also very minor with not more than 1 % 

of total OH reactivity over the whole campaign. 
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Figure 3.1: Overview of total OH reactivity around the Arabian Peninsula during the AQABA campaign. OH reactivity 

during (a) leg 1 (July 5−July 31, 2017) and (b) leg 2 (August 3−August 31, 2017). The maximum in the color scales is 

set to 20 s-1 for better visibility of differences, although there are a few datapoints 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 datapoints where speciated OH reactivity ≥ LOD (exception: pie charts of 

Mediterranean and Arabian Seas show average of all datapoints, due to low number of points above LOD). (d) Average 

OH reactivity and speciation by region for all datapoints, 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 ppb 

by compound class and region (except for the class of inorganic compounds other than NOx). The individual 

compounds included in each class are listed in Table S1. Port calls and bunkering are excluded from all averages. 



 

99 

 

Table 3.1: Overview of measured and speciated OH reactivity by region. “≥ LOD” signifies the use of exclusively those datapoints where speciated OH reactivity is 

equal to or above the LOD. Percentages of contribution to total OH reactivity by group were calculated from all datapoints in 50 min time resolution. The chemical 

species attributed to each group are listed in Table S1. For an explanation of unattributed or speciated OH reactivity and “theoretical approach” species refer to Sect. 

3.2.5. The 10 most important species are the species with largest average OH reactivity over the respective region. The ratios of C3 or C5 carbonyls vs. their precursors 

or toluene vs. benzene are indicators for air mass age. *Note that the detection limit was 5.4 s-1. (Medit. = Mediterranean.) 

 
Medit. Sea Suez Canal Gulf of Suez Red Sea north Red Sea south Gulf of Aden Arabian Sea Gulf of Oman Arabian Gulf 

Aromatic hydrocarbons 1 % 10 % 3 % 4 % 8 % 3 % 2 % 5 % 7 % 

Alkanes 4 % 5 % 6 % 5 % 4 % 4 % 5 % 4 % 9 % 

Alkenes 2 % 10 % 4 % 6 % 9 % 4 % 3 % 5 % 9 % 

OVOCs 11 % 14 % 9 % 14 % 14 % 12 % 12 % 21 % 35 % 

NVOCs 1 % 1 % 0 % 1 % 1 % 1 % 1 % 1 % 1 % 

SVOCs 0 % 0 % 0 % 0 % 0 % 0 % 1 % 1 % 0 % 

Halogenated VOCs 0 % 0 % 0 % 0 % 0 % 0 % 0 % 0 % 0 % 

Inorganics 8 % 6 % 5 % 6 % 5 % 4 % 4 % 5 % 6 % 

NO
x
 4 % 10 % 12 % 5 % 5 % 4 % 1 % 9 % 5 % 

Unattributed OH reactivity fraction (all datapoints)  

± 1 σ total uncertainty 
68 ± 52 % 44 ± 43 % 59 ± 44 % 59 ± 50 % 54 ± 54 % 68 ± 51 % 72 ± 57 % 49 ± 55 % 27 ± 55 % 

Unattributed OH reactivity fraction ≥ LOD  

± 1 σ total uncertainty 
none 37 ± 35 % 53 ± 34 % 49 ± 39 % 35 ± 55 % 55 ± 38 % none 41 ± 52 % 22 ± 56 % 

Fraction of species with concentrations derived from 

theoretical approach 
28 % 28 % 22 % 38 % 51 % 46 % 42 % 46 % 46 % 

Speciated (calculated) 

OH reactivity [s
-1

], averages ± standard deviation 
2.3 ± 1.2 7.4 ± 5.8 4.7 ± 2.2 3.7 ± 1.7 4.0 ± 2.1 2.6 ± 1.1 1.5 ± 0.2 4.3 ± 1.2 9.3 ± 5.6 

Speciated (calculated) 

OH reactivity [s
-1

], medians, 25th−75th percentile 

2.0  

1.9−2.2 

5.4  

2.7−13.4 
4.3 3.0−5.9 3.3 2.5−4.5 3.7 2.2−5.5 2.4 2.0−2.9 1.5 1.4−1.7 

4.0  

3.2 −5.2 

7.6  

5.2 −11.9 

Measured OH reactivity [s
-1

], averages ± standard 

deviation 
7.2 ± 2.9 13.2 ± 6.9 11.6 ± 4.2 9.1 ± 3.3 8.7 ± 4.2 8.2 ± 3.1 5.6* ± 2.0 8.3 ± 3.6 12.9 ± 6.2 

Measured OH reactivity [s
-1

], medians, 25th−75th 

percentile 

6.8  

5.8−7.8 

10.8  

7.4−18.8 

10.4  

8.2−15.0 

8.5  

7.0−10.5 

7.9  

5.7−10.9 

8.0  

5.9−10.1 

4.9* 

4.1−6.5 

8.4  

5.9−10.5 
11.2 8.9−15.2  

OH reactivity of 10 most important species [s
-1

] 1.7 3.8 3.1 2.1 2.2 1.7 1.1 3.3 4.9 

Fraction of total OH reactivity contributed by 10 most 

important species 
24 % 29 % 27 % 23 % 25 % 21 % 20 % 39 % 38 % 

C3 carbonyls / propane [ppb ppb-1], medians 8.6 3.4 2.6 1.9 9.4 6.8 none 2.4 0.9 

C5 carbonyls / pentanes [ppb ppb-1], medians 3.0 1.7 1.1 1.3 1.9 2.4 3.8 1.2 2.8 

Toluene / benzene[ppb ppb-1], medians 0.24 0.88 0.80 0.39 0.78 0.33 0.18 0.79 0.47 
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3.3.1.1  Strongly polluted regions: Arabian Gulf, Gulf of Suez and Suez 

Canal 

Compounds with short lifetimes are generally more relevant for total OH reactivity than long-lived 

species (see also Sect. 3.3.3). Since emissions from oil and gas production and cities contain high 

mixing ratios of reactive alkenes, the Arabian Gulf, the Gulf of Suez and the Suez Canal, where 

such sources abound, showed the highest average OH reactivities (Fig. 3.1c/d). In these regions, 

obvious nearby emission sources were cities, industrial complexes, and especially oil/gas 

production/processing (Fig. 3.2). The large alkane mixing ratios associated with oil and gas 

production (Fig. 1e; Bourtsoukidis et al., 2019) were not reflected in an equally large share of total 

OH reactivity due to the slow reaction rate coefficient of alkanes with the OH radical (Fig. 3.1d). 

The average total OH reactivity (± standard deviation) was 12.9 ± 6.2 s-1 (median: 11.2 s-1) over 

the Arabian Gulf, 13.2 ± 6.9 s-1 (median: 10.8 s-1) over the Suez Canal and 11.6 ± 4.2 s-1 (median: 

10.4 s-1) over the Gulf of Suez. There were short periods with higher total OH reactivities (± total 

uncertainties) up to 32.8 ± 9.6 s-1 over the Arabian Gulf and 26.6 ± 8.2 s-1 over the Suez Canal (see 

Sect. 3.3.2). These ranges are comparable to OH reactivities reported from some urban areas, e.g. 

Beijing, China (Williams et al., 2016), Houston, Texas (Mao et al., 2010), New York City (Ren et 

al., 2006), and to OH reactivities calculated from ship-based VOC observations in the fossil fuel 

production impacted Houston/Galveston Bay (Gilman et al., 2009). The AQABA observations are, 

however, more than three times as high as VOC-attributed OH reactivity calculated from 

observations downwind of gas and oil production in south Texas (Schade and Roest, 2016) and 

twice as high as at the Boulder Atmospheric Observatory when impacted by gas wells (Swarthout 

et al., 2013).   

The largest percentage of attributed OH reactivity over the Arabian Gulf was provided by OVOCs 

(35 % of total, in contrast to 14 % observed over the Houston/Galveston Bay (Gilman et al., 2009). 

This was surprising, as the Gulf region was expected to be similarly dominated by direct 

hydrocarbon emissions from the fossil fuel industry as the Houston/Galveston Bay. Although the 

alkanes and OVOCs had broadly equivalent mixing ratios over the Arabian Gulf (Fig. 3.1e), the 

former have generally lower OH reactivity. Conditions in the Gulf region during summer favor 

rapid photooxidation of hydrocarbon emissions to OVOCs, due to high temperatures (on average 

34.5 °C), high humidity (up to 92 % RH) and strong irradiation. It should also be noted that as the 

ship passed through the Arabian Gulf, it was only exposed to primary emissions for relatively short 

periods of time, when located directly downwind of the sources. The more oxidized regional 

background air was sampled for longer periods. Furthermore, a bias towards OVOCs in the 

assessment of speciated OH reactivity is also possible in this study, because they were well covered 

by PTR−ToF−MS measurements, while longer-chain or branched alkenes and alkanes, which are 

components of oil and other fuels (D'Auria et al., 2009; Gueneron et al., 2015) were in the AQABA 
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measurements limited to C2-C8 compounds. Nonetheless, considering the whole campaign, the 

Arabian Gulf was the region with the highest OH reactivity from alkanes (on average ~1.2 s-1 or 

~9 % of total OH reactivity). An important influence of oil and gas production on total OH 

reactivity in the Arabian Gulf is therefore evident in our data.  

Petroleum extraction facilities and refineries are located at both shores of the Gulf of Suez and 

Canal, (Fig. 3.2), and wind from both east and west lead to a relatively large contribution of alkanes 

(5−6 %; Fig. 3.1d/e). 

 

Figure 3.2: Oil refineries, petroleum fields and cities in the Arabian Basin. City markers are scaled with the 

number of inhabitants as denoted in the legend. Source: Harvard WorldMap Project 

(https://worldmap.harvard.edu/maps/6718/dJT). 

By virtue of their double bond, alkenes are more reactive towards OH than alkanes. Indeed, in 

Saudi Arabian cities, OH reactivity of alkenes has been reported to be twice as high as the reactivity 

of alkanes, despite higher abundance of the latter (Barletta et al., 2017). Similarly, over the Arabian 

Gulf, the AQABA campaign results show an equivalent average share of OH reactivity from 

alkenes and alkanes (both ~1.2 s-1, which equals ~9 %), despite a ~11 times larger average mixing 

ratio of alkanes. Certainly a fraction of highly reactive alkenes emitted on land will have already 

been oxidized before the emission impacted air mass reached the point of observation on the ship. 

Alkene-attributed OH reactivity was slightly higher in the Suez Canal (1.4 s-1 vs. 1.2 s-1), where 

the distance to emission sources is generally shorter due to the narrowness of the canal. 

Additionally, and probably more importantly, alkenes are only minor components in fossil fuel 

https://worldmap.harvard.edu/maps/6718/dJT
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emissions generally. They are emitted from vehicle exhausts (a possible source near the Suez Canal) 

due to incomplete combustion (Koppmann, 2007). Alkanes, on the other hand, can be so abundant 

in emissions from oil and gas production that they dominate OH reactivity, as was observed in 

Colorado, where 60 % of OH reactivity calculated from VOC measurements (not total OH 

reactivity) was due to alkanes and only 8 % from alkenes (Gilman et al., 2013). In another study at 

the same site, alkanes contributed 26 %, alkenes 3 %, and aromatics 2 % of total OH reactivity 

(Swarthout et al., 2013). In contrast to that, alkenes (41 %) dominated over alkanes (23 %) in the 

OH reactivity calculated from VOC observations over the Houston/Galveston Bay (Gilman et al., 

2009). 

Aromatics are important components of fossil fuels besides alkanes and alkenes (Koppmann, 2007). 

In Egyptian cities, ambient VOC mixing ratios from traffic have been reported to be dominated by 

aromatics (Matysik et al., 2010), whereas in Saudi Arabian cities, alkanes were more abundant 

(Barletta et al., 2017). Consistent with these findings, we observed higher average speciated OH 

reactivity from aromatics (1.3 s-1) in the Suez Canal (influenced by air from Cairo, roads next to 

the Canal, a refinery, and a power plant) compared to the Arabian Gulf (0.9 s-1, influenced by 

oil/gas industry emissions and partly by urban air from Saudi Arabia, Iraq and Kuwait).  

A strong influence of maritime traffic in the narrow and highly frequented Suez Canal and Gulf is 

evident from the large NOx contribution to total OH reactivity (~10 and ~12 %, respectively). Here, 

other vessels and their exhaust plumes passed by closely during waiting periods (before entering 

the Suez Canal in the northern Gulf of Suez and inside the Canal). 

The Arabian Gulf and Suez Canal will be discussed in more detail in case studies in Sect. 3.3.2. 

3.3.1.2 Seaways influenced by maritime traffic: Red Sea, Gulf of Aden and 

Gulf of Oman 

The Red Sea, the Gulf of Aden, and the Gulf of Oman displayed similar total OH reactivities with 

medians of 7.9−8.5 s-1 during the AQABA campaign (northern Red Sea: median 8.5 s-1 / mean 

± standard deviation 9.1 ± 3.3 s-1, southern Red Sea: 7.9 s-1 / 8.7 ± 4.2 s-1, Gulf of Aden: 8.0 s-1 / 

8.2 ± 3.1 s-1, Gulf of Oman: 8.4 s-1/ 8.4 ± 3.1 s-1, also see Table 3.1 and Fig. 3.1c/d). These values 

are comparable to urban observations in the lower range, such as in in Helsinki, Finland (Praplan 

et al., 2017), or Mainz, Germany (Sinha et al., 2008). 

The OH reactivity over the Red Sea, Gulf of Aden and Gulf of Oman can largely be attributed to 

the influence of maritime transport in these busy, relatively constricted seaways. Refineries at the 

eastern shore of the northern Red Sea (Fig. 3.2) are not thought to have influenced our 

measurements due to prevailing wind from north-west and west. 
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Among the three regions, the Gulf of Aden was the one with the lowest average total OH reactivity. 

Likely, this is due to its location in the transition zone to the open north-western Indian Ocean (see 

Fig. 3.1c). Here, air masses were less influenced by pollution than over the Red Sea or Gulf of 

Oman, as the AQABA cruise took place during northern hemisphere summer, when the ITCZ is 

over India and comparably clean air is drawn north over the north-western Indian Ocean (Ajith 

Joseph et al., 2018). In accordance with this finding, Bourtsoukidis et al. (2019) showed by 

lifetime-variability regression of alkanes that the Gulf of Aden was the area with the most remote 

character during AQABA. 

In ship exhausts, the highest emission factors (apart from CO2) have been found for NOx (Endresen, 

2003; Eyring, 2005; Huang et al., 2018). Large ship engines emit an average of 76 kg of NOx per 

ton of fuel combusted (Eyring, 2005). This is reflected in the OH reactivity share of NOx, which 

was in these relatively narrow seaway regions in the range of 4−9 % (Table 3.1). OVOCs accounted 

for 12−21 % of total OH reactivity there, alkenes 4−9 %, inorganics (dominated by SO2 and CO) 

4−6 %, aromatics 3−8 % and alkanes 4−5 %. All those classes of compounds can stem from fuel 

combustion in ships (Endresen, 2003; Eyring, 2005; Huang et al., 2018; Xiao et al., 2018), which 

emit an average of 43 kg of SOx, 4.7 kg of CO and 7 kg of hydrocarbons per ton of fuel combusted 

(Eyring, 2005).  

The C3 carbonyls (C3H6O) vs. propane (C3H8), C5 oxidation products (C5H10O) vs. pentanes (C5H12) 

and toluene vs. benzene ratios (Table 3.1) were used here as indicators of the oxidation state (and, 

thereby, the extent of photochemical ageing) of the air. We note that this approach is based on two 

assumptions: 1) that production of the carbonyls by oxidation dominates over direct emission, 

although some direct combustion emissions cannot be excluded, and 2) that the only carbonyl 

precursor is the corresponding C3 or C5 compound without significant fragmentation of larger 

VOCs. The toluene vs. benzene relationship is based on the assumption of simultaneous emission 

of both compounds. Notably, a distinct difference between northern (less oxidized, [C3H6O]/[C3H8] 

≈ 1.9 and [C5H10O]/[C5H12] ≈ 1.3) and southern Red Sea (oxidized, [C3H6O]/[C3H8] ≈  9.4 and 

[C5H10O]/[C5H12] ≈ 1.9) was observed. Although it did not result in large differences in total OH 

reactivity values (median of 7.9 s-1 in the photochemically aged air masses in the south Red Sea 

and 8.5 s-1 in the north Red Sea), it reflects the origin of air masses: urban centers in northeast 

Africa for the north Red Sea, and the less populated and more distant Sudan and Chad for the south 

Red Sea.  

3.3.1.3 Cleaner regions: Mediterranean and Arabian Sea 

Over the more open seas, notably the Mediterranean and Arabian Sea (north-western Indian Ocean), 

the air was aged, cleaner, and less reactive to OH. Here, total OH reactivities were mostly close to 

the detection limit of 5.4 s-1. The median over the Mediterranean was 6.8 s-1 (average ± standard 
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deviation: 7.2 ± 2.9 s-1), which compares to the lower limits of observations from suburban areas 

such as Whiteface Mountain (Ren et al., 2006), Norfolk, UK (Ingham et al., 2009), Central 

Pennsylvania (Ren et al., 2005) or Arenosillo at the Spanish coast (Sinha et al., 2012), and more 

remote locations such as the Rocky Mountains (Nakashima et al., 2014). Total OH reactivity 

measured over the Arabian Sea during AQABA was with a median of 4.9 s-1 (average ± standard 

deviation: 5.6 ± 2.0 s-1) below the detection limit of 5.4 s-1. The marine OH reactivity calculated 

from trace gas measurements over the central Gulf of Mexico was 1.01 s-1 (Gilman et al., 2009), a 

value which was slightly exceeded in our observations over the open Arabian Sea with a speciated 

OH reactivity of 1.5 ± 0.2 s-1.  

Larger OH reactivity occurred over the Mediterranean Sea during short episodes of polluted air 

from the mainland in the Strait of Messina (between Sicily and Italy), visible in Fig. 3.1b. In the 

Strait of Messina and surroundings, total OH reactivity amounted to between 6.7 ± 3.6 s-1 and 26.7 

± 8.2 s-1 for 5 h, whereas before and after, it was close to the detection limit. OVOCs were with 

~11−12 % of total OH reactivity the largest group of identified OH sinks in both the Mediterranean 

and Arabian Sea. Over the Mediterranean, the influence of shipping emissions was larger than over 

the Arabian Sea, evident from NOx-attributed OH reactivity, which was on average 0.26 s-1 or ~4 % 

of the total in the Mediterranean in contrast to 0.05 s-1 or ~1 % of the total in the Arabian Sea. 

Johansson et al. (2017) found that ship traffic over the Arabian Sea causes 3 % of the global NOx 

emissions from maritime transport, which explains why even here the conditions were not 

completely pristine.  

3.3.2 Case studies 

3.3.2.1 Arabian Gulf 

Figure 3.1 shows the average OH reactivity composition for the Arabian Gulf. However, the air 

measured over the Arabian Gulf originated partly from Kuwait/Iraq, partly from Iran and partly 

from the south. The composition of total OH reactivity between the different regions of origin 

displayed distinct differences, and can therefore be divided according to origin of the measured air 

masses, shown in Fig. 3.3.  

Notably, the air from Iraq and/or Kuwait showed obvious influence from oil extraction industries 

with large fractions of alkanes, alkenes and aromatics (Fig. 3.3). Here, emission sources were 

closest to the point of observation, which was reflected in highest total OH reactivity (median: 18.8 

s-1, average ± standard deviation: 18.7 ± 7.9 s-1) and low C3 carbonyls/propane and high 

toluene/benzene ratio medians of 0.3 and 0.8, respectively. In contrast, OH reactivity in the air 

originating from Iran was lower (median: 9.8 s-1, average ± standard deviation: 10.8 ± 3.4 s-1), with 

a slightly higher C3 carbonyls/propane and a lower toluene/benzene ratio (both 0.4). The OH 
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reactivity here was similar to that found in air from the south (Saudi Arabia) with a median of 9.8 s-

1 and a mean of 9.7 ± 3.3 s-1, however, the C3 carbonyls/propane ratio of 2.0 points to more oxidized 

air masses. The high OH reactivity in air originating from Kuwait and Iraq can be attributed to 

emissions from petrochemical extraction and processing industries that would explain the large 

contribution of alkanes, alkenes and aromatics. Apart from two notable exceptions, the distribution 

of OH reactivity did not differ significantly between air from Iran and the south. In air from Iran, 

the alkene fraction was larger than in air from the south, probably due to closer and different 

emission sources (gas extraction at the Iranian coast), which would also explain the lower C3 

carbonyls/propane ratio. The NOx fraction was larger in air from south, most likely for reasons of 

ship traffic influence.  

 

Figure 3.3: OH reactivity composition and average ± standard deviation in the Arabian Gulf, separated by 

origin of the measured air masses: from Iraq/Kuwait, from Iran from southern Arabian Gulf/Saudi Arabia. 

Background: Ethane emissions map using data from the EDGAR database (http://edgar.jrc.ec.europa.eu, for 

2012) as an indicator for the distribution of petroleum extraction and other anthropogenic sources. 

http://edgar.jrc.ec.europa.eu/
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Figure3.4: (a) C3 carbonyls/propane ratio, C5 carbonyls/pentane ratio, toluene/benzene ratio, relative 

humidity, solar irradiation, wind direction, speciated and measured OH reactivity in the Arabian Gulf. Error 

bars of total OH reactivity display the 1 σ total uncertainty of the measurement. (b) Ship track of the 

campaign in the Arabian Gulf with HYSPLIT air mass back trajectories and numbered labels of case study 

points. Ethane emissions from the EDGAR database (http://edgar.jrc.ec.europa.eu, for 2012) as an indicator 

for petroleum extraction/processing and other anthropogenic sources are shown on a logarithmic colour 

scale. Emissions out of scale (> 1000 t a-1) are shown with larger circles. 

http://edgar.jrc.ec.europa.eu/
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Figure 3.4 (a) depicts a time series of measurements along the ship track from entering the Arabian 

Gulf to Kuwait and back. The upper part of the graph shows indicators of the photochemical age 

of the air mass. The [C3H6O]/[C3H8] ratio decreases and the toluene/benzene ratio increases when 

getting closer to Kuwait, meaning that the research vessel was approaching the emission sources 

(refineries, oil platforms). Both these indicators show opposite patterns, as expected. The 

[C5H10O]/[C5H12] ratio follows the [C3H6O]/[C3H8] ratio except for an increase towards Kuwait, 

which shows that the fresh emissions observed here were richer in propane than in pentanes, and 

indicates a mix of fresh emissions with aged air masses. This observation will be discussed in more 

detail in Sect. 3.3.4.2. Changes in relative humidity indicate the varying influence of dry desert air 

and more humid air masses. 

The following five case studies (orange numbered labels in Fig. 3.4 with corresponding air mass 

back trajectories) will go into more detail regarding the origin of OH reactivity (reported with ± 1 

σ total uncertainty) in the Arabian Gulf:  

1) At the entrance to the Arabian Gulf after passing the Strait of Hormuz, total OH reactivity was 

comparably low (8.0 ± 4.0 s-1). Sampled air had traversed the open Indian Ocean, but passed over 

the Musandam Peninsula, where urban areas probably contributed some OH reactivity. OVOCs 

dominated (36 ± 20 % of OH reactivity), with an insignificant unattributed fraction of 38 ± 76 %. 

2) At this location in the northern part of the Arabian Gulf, ca. 100 km from the coast of Saudi 

Arabia, total OH reactivity amounted to 22.1 ± 7.2 s-1, mainly due to OVOCs (57 ± 29 %), with 

large fractions of alkanes (10 ± 1 %), alkenes (16 ± 8 %) and aromatics (10 ± 5 %). The back 

trajectories originate from eastern Iraq, with the urban areas of Amara and Basra. The large fraction 

of OVOCs is an indicator for chemically aged air. The aromatics, alkenes and alkanes probably 

were emitted from offshore oil/gas extraction platforms (Fig. 3.4b) and mixed with the oxidized 

air contaminants coming from larger distance. Within the uncertainty of the measurement, there is 

no unattributed OH reactivity at this location; with values of 19.4 ± 9.9 s-1 for the speciated OH 

reactivity and 22.1 ± 7.2 s-1 for the measured total OH reactivitiy.  

3) Approximately 30 km from the coast of Kuwait, the back trajectories indicate that the sampled 

air masses travelled over the Rumaila oil field in Basra (Iraq). Consequently, the total OH reactivity 

of 26.4 ± 8.1 s-1 was mainly due to alkanes from oil extraction (24 ± 2 %). In contrast to the 

previous case study, significant unattributed OH reactivity was observed here (40 ± 37 %), which 

might be due to components of oil such as higher than C8 and/or branched hydrocarbons that were 

not measured on board the Kommandor Iona. 

4) Just after departure from the port of Kuwait, the highest observed OH reactivity (32.8 ± 9.6 s-1) 

of the campaign was measured (except for refueling). HYSPLIT back trajectories show that it likely 
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originated from large pollution sources at the coast: refineries (Saudi Aramco refinery and 

industrial area with storage tanks in Khafji, Saudi Arabia) and oil fields (Wafra oil field in Kuwait; 

oil platforms at the sea). Notably, alkenes (23 ± 14 %) were a much larger OH sink here than 

alkanes (5 ± 0.5 %), and the unattributed OH reactivity was zero within the uncertainty. 

5) The largest OH reactivity measured during the whole campaign was 303.6 ± 83.9 s-1 during 

refueling of the vessel in front of the port of Fujairah (United Arab Emirates). A back trajectory 

would not be relevant here, as these are direct diesel fuel evaporation emissions, mainly composed 

of alkenes (27 ± 18 % of speciated OH reactivity) and aromatics (21 ± 10 %), mixed with NOx 

(39 ± 4 %) from the bunker ship’s own fuel combustion. Wu et al. (2015) measured total OH 

reactivity from gasoline evaporation with the CRM method. In their study, alkenes contributed 40 % 

of measured OH reactivity, and they found an unattributed OH reactivity fraction of 43 %. In our 

study, a larger percentage (75 ± 42 %) of total OH reactivity remains unexplained in the fuel 

evaporation measurement, which is most likely due to the fact that less of the higher and branched 

hydrocarbons were measured.  

3.3.2.2 Suez Canal 

The Suez Canal transit on August 24, 2017, was among the episodes of highest total OH reactivities 

during the whole campaign and will therefore be discussed in more detail here. In August 2017, 49 

ships transited the Canal per day (Suez Canal Authority, 2018). It is one of the world’s most heavily 

used shipping lanes and there are no regulations concerning the fuel used or emission limitations. 

The Suez Canal is 193 km long and at the water surface 313 m wide (Suez Canal Authority, 2017). 

Given its narrowness, other vessels and their exhausts, as well as urban areas or streets were 

relatively close to the Kommandor Iona while it was traveling along the Canal. Consequently, 

variations in OH reactivity can mainly be attributed to local emissions. Therefore, back trajectories 

are usually not helpful for explaining OH reactivity over the Suez Canal.  

Four case studies (orange numbered labels in Fig. 3.5) will elucidate the origin of OH reactivity 

(reported with ± 1 σ total uncertainty) measured over the Suez Canal: 

1) This 4 h period of higher OH reactivity (15.2 ± 5.8 s-1 to 19.1 ± 6.6 s-1) occurred during a waiting 

period at the southern entrance to the Suez Canal, in the port area of Suez City. Interestingly, OH 

reactivity was dominated by alkanes here (~10−15 %). This can be explained by the wind coming 

from north where directly at the shore a petrol storage area is located (Nasr Petroleum Company, 

Suez, Egypt). The toluene/benzene ratio was between 1 and 3, indicating fuel combustion 

emissions as a source in Suez City and/or from ships, rather than biomass burning which tends to 

be richer in benzene. 
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Figure 3.5: (a) C3 carbonyls/propane ratio, C5 carbonyls/pentane ratio, toluene/benzene ratio, relative 

humidity, solar irradiation, wind direction, speciated and measured OH reactivity in the Suez Canal. Error 

bars of total OH reactivity display the total uncertainty of the measurement. (b) Ship track of the cruise in 

the Suez Canal with HYSPLIT air mass back trajectories and numbered labels of case study points. Benzene 

emissions as an indicator for anthropogenic sources from the EDGAR database 

(http://edgar.jrc.ec.europa.eu, for 2012) are shown on a logarithmic colour scale.  

http://edgar.jrc.ec.europa.eu/
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2) The Great Bitter Lake is part of the Suez Canal and is used by ships as a “passing lane”. During 

the 4 h waiting time in the lake, the highest OH reactivity of the transit was observed (20.6 ± 6.9 s-

1 to 26.6 ± 8.2 s-1). Alkenes, aromatics and OVOCs contributed almost equally to this value (~16 %, 

~17 %, and ~17 %, respectively). Especially the large amount of aromatics is notable. With 7 ± 1 % 

contribution, alkanes were less relevant here than in the Suez City port (case study 1). A visible 

source of nearby emissions at the northern lakeshore (with northerly winds) was a power plant 

running on natural gas and/or heavy fuel oil (Abu Sultan Power Station, Ismailia, Egypt (Global 

Energy Observatory, 2015). Its emissions may have been mixed with those from the lakeshore 

settlements and from bypassing cargo ships, with a toluene/benzene ratio between 1 and 3, 

characteristic for fuel combustion emissions. 

3) This point of observation was low in OH reactivity (5.5 ± 3.2 s-1) as well as in relative humidity 

(29.2 %). Combined with the back trajectory, this indicates that the air mass sampled here had 

passed over the Sinai Desert. In this location, the C3 carbonyls/propane ratio was 20.7, indicating 

a photochemically aged air mass. For comparison, the ratio was never above 10 anywhere else in 

the area, and in case studies 1 and 2 even between 0 and 1. Similarly, the C5 carbonyls/pentanes 

ratio was elevated (2.6) and the toluene/benzene ratio was low (0.5). 

4) The wind direction at case study point 4 was north/north-west. Total OH reactivity was in a 4 h 

peak of 11.8 ± 5.0 s-1 to 18.2 ± 6.4 s-1. Ca. 15 % of it was caused by NOx and ~ 9 % by alkenes. 

The toluene/benzene ratio was ~1, which indicates a fuel combustion source. There is a highway 

located west of this northern part of the Canal (Ismailia−Port Said Road), but given the wind 

direction, exhaust plumes of other vessels sailing in front of the research ship were probably 

relevant for the OH reactivity as well as traffic on land. 

3.3.3 How many and which chemical species contribute to total OH reactivity 

around the Arabian Peninsula? 

Many studies of ambient total OH reactivity show significant unattributed or “missing” OH 

reactivity (Yang et al., 2016). Care must be taken in interpreting this missing fraction as it depends 

on which individual compounds are taken into account, although forest studies have tended to show 

greater missing reactivity fractions than urban (Williams and Brune, 2015). Using a total of 120 

chemical species (listed in Table S5.2), we calculated the speciated OH reactivity in 50 min time 

resolution for the whole AQABA campaign. For the datapoints with speciated OH reactivity above 

the CRM detection limit, the unattributed fraction of total OH reactivity is plotted against the 

number of compounds taken into account in Fig. 3.6. Only datapoints above the detection limit 

were chosen in order to exclude seemingly unattributed OH reactivity which is actually due to the 

detection limit (unattributed fractions for all datapoints are shown along with those for above the 

LOD in Table 3.1). The graph shows that when up to ca. 100 species are considered, the 
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unattributed OH reactivity fraction decreases. The remaining compounds collectively contribute 

only minor additional OH reactivity (less than 0.012 s-1). Total OH reactivity is best explained by 

measured trace gases in the Arabian Gulf (22 ± 56 % unattributed), in the Suez Canal and southern 

Red Sea (37 ± 34 % and 35 ± 55% unattributed, respectively). The largest unattributed OH 

reactivity was found in the Gulf of Aden (55 ± 38 %). Other regions with significant unattributed 

fractions were the northern Red Sea (49 ± 39 %) and the Gulf of Suez (53 ± 35 %). The unattributed 

reactivity fraction does not correlate with the indicators used for estimating the air mass age.  

Figure 3.7 shows the average OH reactivity of VOCs by molecular mass (NOx and other inorganic 

compounds are not considered in this graph) and color-coded for groups of compounds for the 

Arabian Gulf and the Suez Canal. Higher-mass aromatics play a larger role in the Suez Canal while 

the same OVOCs are important in both regions. Generally, less VOCs in the higher mass ranges 

were measured, which is likely due to larger molecules being partially lost in the ca. 10 m long, 

50 °C inlet line. This means that some less volatile components of total OH reactivity might have 

been missed in this setup. As the same inlet was used for VOC and OH reactivity measurements, 

however, this does not impact the unattributed reactivity fraction. 

 

 

Figure 3.6: Unattributed OH reactivity fraction as a function of the number of compounds/chemical species 

taken into account for calculating speciated OH reactivity. The chemical species are taken into account with 

decreasing average OH reactivity. Only datapoints where the summed speciated OH reactivity is larger than 

or equal to the detection limit (LOD) of the CRM measurement are considered here. The Mediterranean and 

Arabian Sea are not shown because of insignificant number of datapoints above the LOD. 
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Figure 3.7: Average OH reactivity of VOCs by molecular mass in the Suez Canal and Arabian Gulf. Colors 

show the compound class. 

The 10 chemical species which contributed most to OH reactivity in each region traversed during 

the AQABA campaign are displayed in Fig. 3.8. Generally, in no regional average was one single 

compound responsible for an OH reactivity of more than 1.4 s-1. This reflects the previous 

discussion highlighting the necessity of considering a large number of species to get a complete 

picture of total OH reactivity. The concentrations of some of the compounds among the 10 most 

relevant ones were derived with the theoretical approach (see Sect. 3.2.5) and therefore have larger 

uncertainties. However, their potential importance underlines that a focus on the 14 compounds 

calibrated with a typical PTR−MS gas standard would not be sufficient for a comprehensive 

understanding of OH reactivity. Overall, the contribution of the 78 species derived by the 

theoretical approach amounts to between 22 % (Gulf of Suez) and 51 % (southern Red Sea) of 

speciated OH reactivity (see Table 3.1).  

The highest percentage contribution to total OH reactivity by the 10 most important compounds 

was seen in the Gulf of Oman (39 ± 20 %) and the Arabian Gulf (38 ± 20 %), amongst which were 

the four theoretically calibrated exact masses of acrolein, MBO/pentanal, C4 carbonyls and C6 

dienes. 
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The importance of the seaways around the Arabian Peninsula for maritime transport is reflected in 

the large contribution of NO2 and CO (associated with fuel combustion), which are among the three 

highest contributors to OH reactivity in most of the regions and among the top 10 in all of them. 

Oxygenated species such as aldehydes and ketones were important OH sinks in all the areas, in 

particular formaldehyde, acetaldehyde and, to a lesser extent, the C4 and C5 carbonyls. Directly 

emitted hydrocarbons were among the 10 most important OH reactivity contributors only in areas 

closer to emission sources: e.g. n-butane and propane in the Gulf of Suez, or unsaturated 

hydrocarbons such as C6 dienes, C5 dienes (without isoprene) and ethene in the Suez Canal. The 

importance of oxygenates in the air composition during AQABA reflects the fast photooxidation 

of direct emissions during this summertime campaign (also see Sect. 3.3.1.1). In winter, the directly 

emitted hydrocarbons would have longer lifetimes and therefore gain importance in the OH 

reactivity budget at the expense of oxygenates.  

In the Arabian Sea, which was the area with the lowest total OH reactivities (Fig. 3.1, Table 3.1), 

the global background OH reactivity from methane was a major OH sink. Dimethyl sulfide (DMS), 

a biogenic molecule emitted by algae which has been observed in this part of the ocean before 

(Warneke and Gouw, 2001) and will be discussed elsewhere for the AQABA campaign (Edtbauer 

et al., 2019, in preparation), appears among the 10 most important OH sinks here despite a 

reactivity of only 0.02 s-1. This is evidence for relatively clean air due to the influence of open 

ocean air, although even here emissions from shipping are evident from the CO and NO2 

contributions. In the Mediterranean, methane was the second-most important single contributor to 

total OH reactivity after CO. 

Generally, anthropogenic VOCs and their oxidation products dominated OH reactivity around the 

Arabian Peninsula. For example, acrolein was among the 10 most important contributors almost 

everywhere during AQABA (Fig. 3.8). Acrolein is a major product of the oxidation of 1,3-

butadiene, which is among the most abundant alkenes emitted from anthropogenic sources 

(Grosjean et al., 1994). The C4 carbonyls (butanal or methyl ethyl ketone (MEK), are major 

contributors to total OH reactivity over the Arabian Basin, and both can be directly emitted from 

fossil fuel combustion (Schauer et al., 2002) or be the result of ambient oxidation processes. 

Carbonyl photolysis has been found recently to be a possible source of ozone formation in an oil 

and gas production area (Edwards et al., 2014).  
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Figure 3.8: Regional average OH reactivity of each of the 10 most important contributors to OH reactivity. 

The percentage of total OH reactivity from these 10 compounds is shown as pie wedges. The Arabian Gulf 

was split by air mass origin (plots with blue labels). *C5 dienes do not include isoprene. **Acetamide or N-

methyl formamide. ***”Monoterpenes” may include anthropogenic C10 trienes. Abbreviations: MBO: 2-

Methyl-3-buten-2-ol. 
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3.3.4 OH reactivity and ozone 

3.3.4.1 Ozone production regimes 

Ozone and OH reactivity are connected via a chemical cycle that involves NOx and VOCs (Sillman, 

1999; Ren et al., 2013): OH oxidizes VOCs to form peroxy radicals, which, in turn, oxidize NO to 

NO2. NO2 thus formed is subsequently photolyzed to result in ozone production. Ozone formation 

is, however, neither linearly dependent on NOx concentration nor VOC reactivity, and a decrease 

in one parameter does not necessarily lead to a decrease in ozone formation (Pusede and Cohen, 

2012).  

Defining ozone production regimes in terms of the OH reactivities of VOCs and NOx is a way of 

assessing the sensitivity of ozone production to the prevailing conditions (Kirchner et al., 2001; 

Sinha et al., 2012). The method and underlying chemistry has been extensively evaluated for 

different conditions and compared to other methods in Kirchner et al. (2001). The amount of peroxy 

radicals produced by VOC oxidation is linked to the OH reactivity of VOCs. The OH reactivity of 

VOCs was calculated here as the difference of measured total OH reactivity (in 5 min time 

resolution) and OH reactivity of measured NOx. Only data at daytime (06:00–18:00 local time) was 

considered, because the method is inherently limited to daytime chemistry. Figure 3.9 shows ozone 

production regime plot examples, where “s” denotes the relative reactivity of OH towards NOx and 

VOCs. Based on the analysis of Kirchner et al. (2001), which was developed for urban VOC 

mixtures, in between the lines labelled s = 0.2 and s = 0.01, ozone production is favored by a 

suitable ratio of NOx and OH reactivity of VOCs, whereas s > 0.2 indicates VOC limitation, and 

s < 0.01 NOx limitation. The Arabian Sea with its comparably clean air was a region with partially 

NOx limited ozone production (Fig. 3.9a). Here, 20 % of the datapoints do not fall within the regime 

of ozone production, mostly due to NOx limitation. This is reflected in relatively low ozone mixing 

ratios. The Gulf of Suez (Fig. 3.9b) is characterized in part by a strong VOC limitation associated 

with high NOx (69 % of datapoints indicate an ozone formation regime). This NOx can be attributed 

to emissions from other vessels at close proximity while waiting at the entrance of the Suez Canal. 

The low ozone mixing ratios associated with high NOx in the fresh combustion emissions (Fig. 

9b/c) point to ozone titration, which will be discussed in greater detail in Sect. 3.3.4.2. In the Suez 

Canal (Fig. 3.9c), the datapoints are also grouped more towards VOC sensitivity whereas the 

opposite is true for the Arabian Gulf (Fig. 3.9d). Nevertheless, in both the Suez Canal and the 

Arabian Gulf, almost all datapoints (97 % in the Arabian Gulf and 91 % in the Suez Canal) fall 

into the regime of ozone formation, meaning that a suitable ratio of VOC and NOx molecules for 

ozone formation was present nearly all the time. The same is true for the other environments (not 

shown in graph) with favored ozone formation 97 % of the time in the Mediterranean, 93 % in the 
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northern Red Sea, 88 % in the southern Red Sea, 87 % in the Gulf of Aden, and 82 % in the Gulf 

of Oman.  

The ozone production favoring conditions with both high NOx- and VOC-attributed OH reactivities 

may be contributing factors to the high ozone levels observed and modeled above the Arabian Gulf 

(Lelieveld et al., 2009; Fountoukis et al., 2018). Ozone formation favorable conditions resulting in 

ozone mixing ratios up to 145 ppb have been reported from other sites influenced by oil and gas 

production (Edwards et al., 2014; Wei et al., 2014). Moradzadeh et al. (2019) found that a 

hydrocarbon processing plant at the shore of the Arabian Gulf impacted ozone levels even in 

300 km distance. Generally, emissions in lower latitudes (e.g. below 30° N as in the Arabian Gulf) 

lead to more efficient formation of tropospheric ozone than in higher latitudes, because the 

meteorological conditions lead to faster reaction rates and strong convection (Zhang et al., 2016). 

 

Figure 3.9: Ozone production regimes for (a) Arabian Sea, (b) Gulf of Suez (c) Suez Canal, and (d) Arabian 

Gulf. “s” denotes the relative reactivity of OH towards NOx and VOCs. For s > 0.2: VOC limitation, for s 

< 0.01: NOx limitation of the ozone formation. 
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3.3.4.2 OH reactivity/ozone correlations 

The relationship between ozone and total OH reactivity during the AQABA campaign is depicted 

in Fig. 3.10. Data from most regions display a negative correlation between ozone mixing ratio and 

total OH reactivity. This is exemplified for the Mediterranean, the Suez Canal and Gulf of Suez in 

Fig. 3.10a (correlation for Suez Canal: slope = -0.2; r² = 0.61). Additionally, there is a large group 

of datapoints located at lower OH reactivity (below 10 s-1) and ozone mixing ratios of 50 to 70 ppb.  

The reason for the negative correlation seen in parts of the data is displayed in Fig. 3.10b. Higher 

OH reactivities in this part of the plot coincide with higher NOx, stemming from the exhaust plumes 

of vessels passing close by. In these ship plumes, high levels of VOCs are co-emitted with NOx. 

This combination leads to elevated total OH reactivity. At the same time, ozone is depleted by the 

NO emissions in the fresh ship plumes (NO + O3 → NO2 + O2, Sillman, 1999). This effect is seen 

when an emission source co-emitting NOx and VOCs is very close (Akimoto, 2016), as ozone 

values recover rapidly downwind through NO2 photolysis and mixing. The ozone titration effect 

has similarly been observed in negative ozone-CO correlations (Parrish et al., 1998). 

The bulk of datapoints between 50 and 70 ppb of ozone associated with lower OH reactivity and 

no trend is, on the other hand, more representative of a campaign background/average, 

uninfluenced by immediate emission sources and with lower NOx (Fig. 3.10b). Here, a possible 

longer-term effect of the co-emission of VOC and NOx from marine transport and other 

anthropogenic sources can be seen. As a secondary pollutant and being suppressed by NO, ozone 

can often be elevated at distance to the pollution sources (Sudo and Akimoto, 2007). Large 

quantities of ozone can be produced during long-range transport under sunlight influence (Parrish 

et al., 1998; Akimoto, 2016; Moradzadeh et al., 2019). Consequently, in the seaways around the 

Arabian Peninsula, ozone mixing ratios were mostly between 50 and 80 ppb, which is the range of 

daytime values in polluted Beijing (Williams et al., 2016; Yang et al., 2017). 

Over the Arabian Gulf, the same negative relationship between OH reactivity and ozone as in the 

Suez Canal, Gulf of Suez and Mediterranean existed in those datapoints where ozone was below 

70 ppb. In contrast, at ozone mixing ratios above ca. 80 ppb, no trend or a slightly positive 

correlation between ozone mixing ratio and OH reactivity can be ascertained (Fig. 3.10a). Ozone 

mixing ratios above 70 ppb over the Arabian Gulf were associated with a high fraction of OVOCs 

(Fig. 3.10c), indicating more photochemically processed air. Additionally, when OH reactivity was 

high at the same time as ozone, alkene OH reactivity was also elevated (Fig. 3.10d). This points to 

a mixing in of fresh emissions (associated with short-lived alkenes) into photochemically aged, 

oxidized air contaminants (high OVOCs and high ozone) over the Arabian Gulf. Polluted air 

masses from urban or industrial areas on land were probably oxidized during their transport to the 
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coast/sea, where they were mixed with emissions from oil and gas extraction facilities, as has been 

discussed in detailed case studies of such occasions in Sect. 3.3.2.  

 

Figure 3.10: (a) Ozone vs. total OH reactivity for four regions. (b) Same as (a), but with OH reactivity of 

NOx as color scale (no datapoints when NOx values are missing). (c) Ozone vs. OH reactivity for the Arabian 

Gulf with the fraction of OVOC in total OH reactivity as color scale. (d) Ozone vs. OH reactivity for the 

Arabian Gulf with OH reactivity of alkenes as color scale. 

3.4 Summary and conclusions 

In July and August 2017, during the AQABA campaign, the first ship-based direct measurements 

of total OH reactivity were conducted using the Comparative Reactivity Method. The total OH 

reactivity in ambient air around the Arabian Peninsula was predominantly related to anthropogenic 

influence. Particularly, reactive hydrocarbons from oil and gas extraction/production and inorganic 

reactants such as NOx and CO from fuel combustion by shipping were major OH sinks during the 

whole campaign. Total OH reactivity over the Arabian Basin varied, with periods below the 

detection limit over the Arabian Sea, regional medians of 7.9−8.5 s-1 under permanent maritime 

traffic influence over the seaways of the Red Sea, Gulf of Aden and Gulf of Oman, and episodes 

of up to 32.8 ± 9.6 s-1 when air masses were influenced by emissions from oil/gas extraction 
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facilities, urban centers and/or ships in close proximity. The largest regional median OH loss rate 

of 18.8s-1 was observed over the Arabian Gulf when air originated from Iraq/Kuwait, where large 

oil fields and refineries at the shore provided high emissions. Over the Suez Canal, median OH 

reactivities of 10.8 s-1 and up to 26.6 ± 8.2 s-1 were attributed to local emissions from a petroleum 

storage facility, a power plant and traffic on sea and land. The cleanest environment was the 

Arabian Sea, where the marine biogenic compound dimethyl sulfide was among the 10 most 

important known contributors to OH reactivity.  

In all the regions around the Arabian Peninsula, OVOCs were the class of compounds that provided 

the largest identified OH sink. They were formed efficiently because photochemistry was highly 

active due to intense solar irradiation and high temperatures in summer. Photochemically aged air 

mixed with fresh nearby emissions over the Arabian Gulf, leading to extremely high ozone mixing 

ratios. Using ozone production regime plots, we found that the ratio of VOC- and NOx-attributed 

OH reactivities was favorable for ozone formation nearly all along the ship track. In the Arabian 

Gulf, large OH reactivity from VOCs due to oil and gas sources together with NOx from marine 

traffic lead to a regime of ozone production 97 % of the time. The only regions where ozone 

production was limited for a significant fraction of time were the Gulf of Suez with VOC limitation 

when affected by NOx-rich plumes, and the Arabian Sea with a slight NOx limitation due to clean 

air from the open Indian Ocean. Ozone versus OH reactivity correlation plots were found to be a 

valuable tool in identifying different chemical regimes with regards to ozone formation and loss: 

ozone destruction in NOx-rich ship plumes was clearly distinguishable from a mix of fresh 

petroleum extraction emissions with photochemically aged air.  

Studies of ambient total OH reactivity often show a significant “missing” or unattributed fraction 

of OH reactivity, although this tends to be smaller in anthropogenic environments (Williams and 

Brune, 2015). In an attempt to close the OH reactivity budget, the OH reactivity of compounds 

with unidentified structure from PTR−ToF−MS measurements was calculated using averages of 

the reaction rate constants of all possible structures attributed to each chemical formula. These 

species were important OH sinks, accounting for 22−51 % of the regional speciated OH reactivity. 

With this approach, the measured total OH reactivity can be explained within the uncertainty for 

the Suez Canal, the southern Red Sea, the Gulf of Oman and the Arabian Gulf. Significant 

unattributed fractions remain in the Gulf of Suez, the northern Red Sea and the Gulf of Aden. 

Overall, ~ 100 chemical species needed to be identified to explain the measured total OH reactivity 

within the uncertainty, while the 10 most important compounds contributed 20−39 % of the 

reactivity. Unattributed reactivity in plumes from hydrocarbon processing facilities may be due to 

branched and/or higher hydrocarbons not captured with the techniques available on board the 

Kommandor Iona. In order to get a more comprehensive picture of the chemical species relevant 
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for OH chemistry in the region, measurements with even greater chemical detail in the 

hydrocarbons would be necessary. 

The range and composition of OH reactivity (and the ozone mixing ratios) around the Arabian 

Peninsula were, despite the marine measurement locations, broadly comparable to observations 

from highly populated urban areas, except for an unusually large contribution of OVOCs (Kovacs 

et al., 2003; Mao et al., 2010; Dolgorouky et al., 2012; Kim et al., 2016; Williams et al., 2016; 

Praplan et al., 2017; Yang et al., 2017). The “urban-like” OH reactivity is related to intensive 

international ship traffic in the seaways in the Arabian Basin and to major emissions from oil and 

gas industries on sea platforms and at the coasts. Oil and gas related VOCs were important sources 

of OH reactivity, and could be a relevant factor for the extremely high ozone concentrations and 

the photochemical air pollution usually seen in summer in the region (Lelieveld et al., 2009; 

Smoydzin et al., 2012; Farahat, 2016; Barkley et al., 2017).  

Most predictions assume that oil and natural gas production will increase in the Middle East during 

the coming decades (Balat, 2006; Khatib, 2014; Holz et al., 2015; Overland, 2015). Similarly, ship 

emissions around the Arabian Peninsula have been projected to grow on the short term due to 

intensifying traffic (Eyring et al., 2007), although new emission regulations set by the International 

Maritime Organization (IMO, 2019), effective from 2020, might lead to a long-term decrease. 

Given that the conditions favor ozone production and will increase to do so due to rising 

temperatures (Wasimi, 2010; Lelieveld et al., 2012; Lelieveld et al., 2016), emission regulations in 

the region appear to be the only way to prevent a further increase in photochemical air pollution in 

the future. 
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Abstract 

Human occupancy is a major source of volatile organic compounds (VOCs) in the indoor 

environment. VOCs are emitted into the air via breath and dermal emission, which can further react 

with oxidants in the air to produce secondary VOCs, some of which have adverse effects on human 

health. In this study, we continuously measured VOCs in a well-conditioned steel walled chamber 

(22.5 m3, air exchange rate at 3.2 h-1) occupied by four human subjects, using a proton transfer 

reaction time of flight mass spectrometry. Experiments of human whole body, breath and dermal 

emissions were performed separately under ozone-free and ozone-present conditions. For breath 

emissions, the dominant VOCs were endogenous compounds namely: acetone, isoprene and 

methanol, accounting for 91% of the total VOCs emission rate (ER) at 1290 μg h-1 p-1. Ozone 

exposure had a negligible effect on most of the VOCs but slightly increased the ER of oxygenated 

VOCs. For dermal emissions, acetic acid, acetone and C2H2OH+ (fragment of acids) were the most 

abundant species under no ozone condition. However, with ozone present the total ER increased to 

4453 μg h-1 p-1 with  acetone, 6-methyl-5-hepten-2-one (6MHO),and 4-oxopentanal (4OPA) being 

the most dominant VOCs, accounting for 35%, which are known as first and secondary ozone 

oxidation products of squalene (major skin oil component). The average whole-body total ER was 

2165 ± 978 μg h-1 p-1 under ozone-free condition and doubled when ozone was added in the 

chamber. The same dominant species were also identified for whole-body emissions with and 

without ozone exposure. The study indicates breath emitted VOCs dominate the indoor total VOCs 

emission under the ozone free condition, while skin related VOCs increase dramatically with ozone 

exposure. The ERs of VOCs derived from the study can help models better predict indoor air 

quality. 
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4.1 Introduction 

Human beings are a potent mobile source of volatile organic compounds (VOCs) in the indoor 

environment. Several hundred VOCs are known to enter the air via breath and dermal emission (de 

Lacy Costello et al. 2014). Although building materials, decorations, furniture and consumer 

products were previously frequently reported as important indoor VOCs sources, (Afshari, 2003; 

Cheng et al., 2015; Hodgson et al., 2002; Hodgson et al., 1993; Nazaroff and Weschler, 2004; 

Simon et al., 2020), the role of humans beings as an important indoor VOCs source will become 

more and more prominent due to regulatory driven emission decreases from indoor furnishings and 

building materials.. With oxidants present in indoor air (e.g. ozone or OH radicals), VOCs can be 

produced on the surface of human beings (clothing, hair and skin) as well as in the gas phase via 

secondary formation (Abbatt and Wang, 2020; Weschler, 2006; Weschler, 2016). Some of these 

species have adverse effects on human health. For example, exposure to 4OPA, one of the major 

squalene ozonolysis products, can cause irritancy and allergic responses (Anderson et al., 2012). 

Therefore, it is important to understand the species and the abundance of VOCs released from 

human natural emissions and the effect of indoor oxidants.  

Human VOCs emission rates (ERs) have been reported in several public indoor environments: a 

university classroom (Tang et al., 2016), a cinema (Stonner et al., 2017) and a gallery room in a 

museum (Pagonis et al., 2019). Several VOC species (e.g. methanol, ethanol, monoterpenes and 

siloxanes) showed large variations due to previous alcohol or food consumption and the use of 

personal care products. A few studies have also reported separate breath and dermal emissions of 

VOCs performed in a sealed chamber with single subject (Mochalski et al., 2014; Mochalski et al., 

2018; Zou et al., 2020). However, a comprehensive chemical characterization of “natural” human 

ERs including whole-body, breath-only and skin-only ERs under controlled environments as well 

as the effect from ozone is lacking.  

This study is a part of the Indoor Chemical Human Emissions and Reactivity (ICHEAR) project, 

which used online VOCs measuring techniques (mainly proton transfer reaction time of flight mass 

spectrometry) to monitor the variation of VOCs emitted from human beings in a climate chamber 

under controlled conditions. The total ERs together with their species contributions of whole body, 

separate breath and skin were derived under ozone-free and ozone-present conditions, respectively, 

and were compared to the ERs reported in the literature. 

4.2 Materials/Methods 

4.2.1 Chamber experiments 

Experiments were performed in two identical stainless-steel chambers under controlled conditions 

(temperature, relative humidity (RH) and air change rate (ACR)). A detailed description of the 
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experimental set-up and procedures were given in (Bekö et al., 2020). In order to derive the human 

emission rates of whole body, breath and skin under normal conditions (temperature ~25°C, RH 

~30%) as well as under the ozone-present condition, seven experiments listed in Table 4.1 were 

selected for this study, involving three groups of young adults in the age of 19 to 30. In each 

experiment, four volunteers wearing identical new laundered long clothing (pants + long sleeve 

shirts) except for Exp.12 and 13 in which volunteers wore short clothing (shorts + T-shirts) entered 

the chamber in the morning and sat inside the chamber for about 3 hours followed by a short lunch 

break outside the chamber. Afterwards volunteers re-entered the chamber for 10 minutes, and 

ozone (~ 100 ppb) was added into the supply air to achieve the ozone-present condition in the 

chamber. Volunteers stayed for around 2 - 2.5 hours for the afternoon ozone-present condition. 

Breath and dermal emission separation was achieved by the use of facial masks connected by tubing 

to the other identical chamber.  

Table 4.1 Experimental information (numbers in parentheses refer to replicate measurements) 

Experiment 

No*. 

(replicate) 

Experiment type 
Temperature (°C) 

(replicate) 

Relative humidity (%) 

(replicate) 

1 Whole-body: group A1 26.2 - 30.3 31 - 35 

6 (21) Whole-body: group A2 23.7 - 27.5 (23.3 - 27.7) 16 – 23 (17 - 25) 

10 Whole-body: group A3 25.3 - 28.8 28 - 31 

12 Breath: group A3 32.2 - 32.6 56 - 62 

13 Skin: group A3 26.3 - 29.9 24 - 28 
* Experiment numbers are identical to those in Bekö et al.37.  

 

4.2.2 VOCs measurements 

A proton transfer reaction time of flight mass spectrometer (PTR-ToF-MS, 8000, Ionicon Analytik) 

was used to continuously measure VOCs in the chamber’s exhaust air. The PTR-ToF-MS sampled 

the sub-flow of ~ 100mL min-1 via the FEP (fluorinated ethylene propylene) tubing (i.d. = 3.18 

mm) from the main chamber exhaust line (flow rate 7 L min-1, length 5 m, i.d. = 12.7 mm). With 

protonated water (H3O
+) as the primary ions, VOCs having proton affinity higher than water (697 

kJ/mol) undergo proton-transfer reactions and are detected on the its protonated mass to charge 

ratio (m/z) without significant fragments (Lindinger et al., 1998). The mass resolution was around 

4000 at mass 96 amu. The measurement time resolution was 20 s and mass range was up to 500 

amu. Measured ions were attributed to chemical formulas based on the exact m/z, followed by the 

assignment of specific chemical species. As the mass becomes larger, the chances of existence of 

isomeric compounds also increase. Therefore, chemical formulas having multiple isomeric 

compounds were only further attributed to specific compounds that has been previously reported 

as being related to human body emissions as well as human-involved ozone initiated chemistry in 
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the literature. A full calibration including the humidity dependence was performed throughout the 

campaign by using a standard gas mixture containing methanol, acetonitrile acetaldehyde, acetone, 

dimethyl sulfide (DMS), isoprene, methyl vinyl ketone (MVK), methacrolein, methyl ethyl ketone 

(MEK), benzene, toluene, xylene, 1,3,5-Trimethylbenzene and α-pinene (Apel-Riemer 

Environmental Inc.). The limit of detection of calibrated species ranged from 8 ppt for 1,3,5-

trimethylbenzene to 171 ppt for methanol with the uncertainty ≤ 11% (Table 4.2). For VOC species 

without gas standard calibrations, the mixing ratios were calculated based on a theoretical method 

by using a constant proton transfer reaction rate coefficient at 2  10-9 cm3 molecule-1 s-1 with the 

uncertainty of ~ 50% (Sekimoto et al., 2017; Zhao and Zhang, 2004). 

To compensate for the inability of PTR-ToF-MS to quantify isoprene and propanal in this study 

(due to interferences at the corresponding masses), the mixing ratios of those two species were 

taken from a custom-made fast gas chromatograph-mass spectrometer (fast-GC) with LOD < 25 

ppt and total uncertainty < 10%, which sampled the sub-stream from the same main inlet as PTR-

ToF-MS. The time resolution of the fast-GC was 3 minutes running under the selected ion 

monitoring mode. Details of the instrument operation were mentioned elsewhere (Bourtsoukidis et 

al., 2017). It is mainly because C5H8H+ (m/z 69.070) could also be affected by contributions from 

fragments of long chain aldehydes (Ruzsanyi et al., 2013) and propanal can not be separated from 

acetone by PTR-MS with H3O
+ as the primary ions. 

Table 4.2 Limits of detection and total uncertainty of calibrated species for PTR-ToF-MS 

Mass (H+) Compounds LOD (3std) ppt Total uncertainty % 

m33.034 Methanol 171 11 

m42.033 Acetonitrile 26 7 

m45.033 Acetaldehyde 130 6 

m59.048 Acetone 84 6 

m63.026 Dimethyl Sulfide (DMS) 14 6 

m71.048 Methyl vinyl ketone/Methacrolein 35 5 

m73.064 Methyl ethyl ketone 30 6 

m79.053 Benzene 11 6 

m93.070 Toluene 11 6 

m107.086 Xylene 10 6 

m121.101 1,3,5-Trimethylbenzene 8 7 

m137.132 Monoterpenes 11 6 

 

4.2.3 Other trace gas measurements 

CO2 was continuously monitored by a cavity ring-down spectrometer (Picarro G2401; Picarro Inc.) 

sampling the sub-flow from the same main inlet as PTR-ToF-MS and fast-GC. Ozone added into 

the supply air was generated via a Jelight 600UV ozone generator (Jelight Company Inc.). The 
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ozone level inside the chamber or supply air was monitored by an ozone monitor (Model 205, 2B 

Technologies). Detailed information of those instruments can be found in (Bekö et al., 2020). 

4.2.4 Emission rates calculation 

The emission rate (μg h-1 p-1) of a VOC species i was calculated according to Eq. 4.1 by using the 

concentrations measured during the steady-state period (15 minutes before volunteers exiting the 

chamber)  in which occupants are the only source constantly emitting VOCs that is in equilibrium 

with the loss of VOCs through air exchange.  

𝐸𝑅 = 𝑉𝑐ℎ𝑎𝑚𝑏𝑒𝑟 × 𝐴𝐶𝑅 × (𝐶𝑖(𝑠𝑡𝑒𝑎𝑑𝑦−𝑠𝑡𝑎𝑡𝑒) − 𝐶𝑖 (𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑))/4                                            Eq. 4.1 

Vchamber is the chamber volume (22.5 m3). ACR is the air change rate (3.2 h-1), which was determined 

from CO2 and Freon®134a tracer gas decay as described in (Bekö et al., 2020). Ci(steady-state) 

represents the mean concentration of species i (μg m-3) over the steady-state period. Ci(background) is 

the mean background concentration of species i in the empty chamber before volunteer entered the 

chamber for each experiment. 4 is the number of volunteers in the chamber. In total, 185 species 

and ions were identified related to human occupants with the criteria that Ci(steady-state) - Ci(background) 

is larger than the standard deviation of concentrations measured over the steady-state period.  

4.3 Results and discussion 

4.3.1 Time series of major human related VOCs 

Figure 4.1 shows the time series of several important marker compounds from breath and skin 

lipids ozonolysis for a complete experiment of whole-body emissions (Exp. 10). Human 

endogenous breath compounds including acetone, isoprene and methanol (Fenske and Paulson, 

1999) immediately increased along with CO2 when volunteers entered the chamber in the morning. 

This phenomenon also appeared when the volunteers re-entered the chamber in the early afternoon 

before ozone addition. After ozone (~ 100 ppb) was introduced into the chamber, squalene 

ozonolysis products 6-methyl-5-hepten-2-one (6MHO), acetone and 4-oxopentanal (4OPA) 

(Petrick and Dubowski, 2009; Wisthaler and Weschler, 2010) had significant elevations. The 

increase of acetone was even comparable to the increase due to exhaled acetone without ozone 

present. 6MHO and 4OPA were slightly elevated after subjects entered the chamber in the morning 

when there was no ozone, which was probably due to prior exposure to outside ozone before the 

experiment. However, this tiny increase is insignificant compared to the later increase. The steady-

state ozone level was around 37 ppb in the afternoon, indicating a huge ozone loss (~ 63 ppb) due 

to human occupants. Isoprene showed slightly lower mixing ratios in the afternoon compared to 

those of the morning, which is likely caused by ozone oxidation while methanol had comparable 

levels. After the subjects left the chamber, all major trace gases except for 4OPA plummeted. 4OPA 
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had a tiny decrease when the chamber door opened (subjects exited the chamber) and slightly 

elevated when the chamber door closed, which is consistent with 4OPA being a secondary formed 

compound produced through squalene ozonolysis. In Figure 4.1, the simultaneous increase of CO2 

as well as most of the species in the middle of each half-day experiment was due to preplanned 

movements by the volunteers (standing up and some stretching movements), which changed the 

air mixing state inside the chamber. 

 
Figure 4.1 Time series of major VOCs related to human emissions (data from Exp. 10 was used).  

 

4.3.2 Emission rates (ERs) under ozone-free condition 

Benchmark experiments (Exp. 1, 6, 10 and 21) among three groups of volunteers were included to 

derive the whole-body VOCs emission rates as the variance of steady-state mixing ratios among 

groups were small for most of species. The total whole-body ER under the condition without ozone 

was 2165 ± 978 μg h-1 p-1. The standard deviation was mainly driven by the top three contributors 

that accounted for 67% of the total whole-body ER: acetone (max: 1824 μg h-1 p-1 for Exp. 6; min: 

424 μg h-1 p-1 for Exp. 10), isoprene (max: 324 μg h-1 p-1 for Exp. 10; min: 204 μg h-1 p-1 for Exp. 

21) and methanol (max: 181 μg h-1 p-1 for Exp. 6; min: 89 μg h-1 p-1 for Exp. 10). Acetone, isoprene 

and methanol are major breath borne endogenous compounds that can vary from person to person 

and even with time for the same person due to the human metabolism (de Lacy Costello et al., 2014; 

Schubert et al., 2012; Turner et al., 2006b). As the experiments were performed among different 
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volunteer groups on different days, it is therefore not surprising to see some variations. Those three 

compounds were also ranked as the top three species (by mixing ratio) contributing to the total ER 

of breath (Figure 4.2 b), accounting for 91% of the total (1290 μg h-1 p-1). Only acetone was also 

ranked within three most contributing species to the total skin ER with much lower ER at 182 μg 

h-1 p-1.  This indicates that more than 60% of the total whole-body ER were contributed by exhaled 

breath when the indoor ozone was not present. Besides those three compounds, the other species 

ranking within the top ten contributing species for whole-body emissions were mostly identified 

as the top ten species for skin (dermal) emissions (see Figure 4.2) as well, indicating those species 

were more likely related to skin emissions. C6H10H
+ (general fragment of large aldehydes) 

(Ruzsanyi et al., 2013) and 6MHO were not present in the top ten contributing species for the total 

skin ER, they were actually ranked as 12th and 14th place. Three top ten species tolualdehyde, 

C4H8O2H
+ and phenol (Figure 4.2 c) might be only specific to that group of volunteers (A3) as the 

ERs of those three species were found much higher for whole-body Exp. 10 (A3) than the ERs for 

other two groups (Exp. 1, 6 and 21). Besides top ten contributing species, the rest of the measured 

species were categorized to CxHy (hydrocarbons), CxHyO1-3 (species containing one, two or three 

oxygen atoms), species containing nitrogen, species containing sulfur and others (rest of species). 

It can be inferred from Figure 4.2 that the whole-body ER of the sum of those rest categories (474 

± 122 μg h-1 p-1, 22% of the total ER) should be mostly contributed by dermal emissions as the 

contribution from breath emissions was insignificant. Top ten species explained 97%, 63% and 78% 

of the total breath ER, skin ER and whole-body ER, respectively. Thus, our findings further prove 

that the chemical profile for dermal emissions is much more diverse and complicated than the 

breath emissions (de Lacy Costello et al., 2014). 

It is known that breath and skin can also act as sinks of VOCs through inhalation and dermal uptake 

(He et al., 2019; Weschler and Nazaroff, 2014). The sum of total breath ER and the total skin ER 

was ~ 300 μg h-1 p-1 higher than mean whole-body total ER but within its standard deviation. As 

experiments of separate breath and skin emissions were only performed for one group of volunteers 

(A3), it is more reasonable to compare the sum of separate breath and skin ERs to the whole-body 

ER of Exp. 10 with the same group of volunteers. The total whole-body ER of group A3 is 1593 

μg h-1 p-1, about 900 μg h-1 p-1 lower than the summed ER of separate breath and skin emissions, 

which might be partially explained by breath and dermal uptake. However, the dermal emissions 

in the skin-separate experiment (Exp. 13) was probably higher than the dermal emissions 

contributed to the whole-body emissions for Exp. 10 due to more bare skin being exposed to the 

air (“short” clothing for volunteers in Exp. 13). Therefore, the uptake via breath and skin may exist 

but it is difficult to quantify the amount based on current results. 
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Figure 4.2 Total emission rates (ERs) fractional contributions from top ten species and other 

species for (a) whole-body emissions (mean values of Exp. 1, 6, 10 and 21); (b) breath emissions 

(Exp. 12) and (c) skin emissions (Exp. 13) under ozone-free condition. Top three contributing 

species were always labelled with the percentage. Species not presented in (a) were listed 

additionally in (b) and (c). 

 

4.3.3 Emission rates (ERs) under ozone-present condition 

As mentioned in section 4.3.1, when ozone was added into the chamber, products of squalene 

ozonlysis (e.g. 6MHO and 4OPA) had a substantial increase, indicating the significance of ozone 

oxidation of skin lipids, which was reflected by the total skin-only ER (4453 μg h-1 p-1), three times 

as the skin-only ER when there was no ozone present. As shown in Figure 4.3 c, the three highest 

contributors to the total skin ER altered with acids being replaced by 6MHO and 4OPA. Other 

species C6H10H
+ (general fragment of long-chain aldehydes), decanal, hydroxyacetone/propanoic 

acid and 1,4-butanedial were ranked within the top ten species, which are all reported as products 

of skin lipids ozonolysis (Wisthaler and Weschler, 2010). For breath ERs, the effect from ozone 

was much less significant. Although endogenous breath compounds acetone, isoprene and 

methanol had slightly less ERs compared to the ERs under ozone-free condition, the ranking 
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remained the same (see Figure 4.3 b). The decreased ER of isoprene is likely due to reaction with 

ozone. Different metabolic states in the afternoon may also be a reason for those endogenous 

compound changes as steady-state CO2 was always relatively higher in the afternoon session after 

a lunch break (Bekö et al., 2020). The breath-only ER increased about 280 μg h-1 p-1, which was 

mainly contributed by oxygenated compounds. The increase may be related to the changed 

metabolic state after a light lunch. However, as the ozone was introduced into the chamber that 

only contained exhaled breath, those oxygenated compounds were more likely to be products of 

ozone reacting with the surface of the chamber and facilities inside the chamber (chairs and tables) 

which contained small amount of human skin lipids left from previous experiments. Therefore, 

only terminal compounds produced from squalene ozonolysis like 4OPA and 1,4-butanedial were 

ranked within the top ten contributing species (Figure 4.3 b) as they cannot undergo further 

ozonolysis.  

The mean total ER of the whole-body under the ozone-present condition (4607 ± 1064 μg h-1 p-1) 

doubled compared to the total ER under ozone-free condition. The whole-body total ER was ~ 

1400 μg h-1 p-1 smaller than the sum of breath-only ER and skin-only ER, much more significant 

than the difference under ozone-free condition. Although breath and dermal uptake may explain 

part of the “loss” ER, more skin area exposed to ozone due to less clothing for Exp. 13 was more 

likely the reason for the large ER derived from the skin-only experiment. The top three contributing 

species to the total whole-body ER were acetone (31%, 1443 ± 620 μg h-1 p-1), 6MHO (9%, 429 ± 

50 μg h-1 p-1) and 4OPA (6%, 292 ± 36 μg h-1 p-1). Endogenous breath compounds isoprene and 

methanol ranked as the 4th and 9th positions. Other top ten species contributing to the whole-body 

ER were slightly different from the top ten species contributing to the skin ER (see Figure 4.3). As 

with decanal, nonanal was an ozone degradation product of unsaturated fatty acids (on of skin lipid 

components) (Wisthaler and Weschler, 2010). The difference may be caused by the only variable 

– clothing.  

To better understand the species contribution to the huge increase induced by ozone, for each 

benchmark experiment, the delta ER of each species was calculated (ERozone-present – ERozone-free). If 

the absolute delta ER for one species is less than the standard deviations of the steady-state ERs 

for both under ozone-free and ozone-present conditions, the change of that species due to ozone is 

considered to be insignificant (i.e. delta ER is 0). Figure 4.4 shows the mean delta ERs of all species 

derived from benchmark experiments. More than 100 species and ions had a significant increase 

while limited species had decreases (mainly methanol and isoprene) under the ozone-present 

condition. Species with an increase of ER above 10 μg h-1 p-1 were mainly oxygenated VOCs 

containing one or two oxygen and hydrocarbon fragments. Among the top ten species which had 

the most significant elevation, 9 species were also ranked within the top ten species contributing to 
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the total whole-body ER and skin-only ER, and 8 species (including aldehyde fragment C6H10H
+) 

belong to carbonyl compounds that are reported as products of skin lipids ozonolysis. Therefore, 

indoor ozone not only enhances the total ER but also changes the chemical composition of human 

emissions. Meanwhile, the standard deviations (variability among each group) of the delta ERs of 

top ten elevated species were small (ranging from 4% to 15%), indicating skin-involved ozone 

chemistry has good consistency among different people. 

 
Figure 4.3 Total emission rates (ERs) fractional contributions from top ten species and other 

species for (a) whole-body emissions (mean values of Exp. 1, 6, 10 and 21); (b) breath emissions 

(Exp. 12) and (c) skin emissions (Exp. 13) under ozone-present condition. Top three contributing 

species were always labelled with the percentage. Species not presented in (a) were listed 

additionally in (b) and (c). 

 

(a)

(b) (c)
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Figure 4.4 Mean emission rate changes (delta ERs) of all measured species due to ozone effect 

(averaged from Exp. 1, 6, 10 and 21). Ten species having most significant increase and two species 

having most significant decrease were labeled. 

 

4.3.4 Human emission rates (ERs) reported in literatures 

For this study (ICHEAR chamber study), the effects which may be caused by individual volunteer 

were kept as low as possible (using specific personal care products, monitored diet with certain 

restrictions, wearing prepared clothing, excluding smokers etc.) Therefore, the total whole-body 

ER obtained under ozone-free conditions should be close to the lower limit of natural human VOCs 

ER. Tang et al. (2016) reported the total occupant ER of VOCs measured by PTR-MS in a 

classroom to be 6250 μg h-1 p-1 with the top contribution from cyclic volatile methylsiloxanes 

(cVMS) (45%) that are commonly present in personal care products. The ER of cVMS (mainly 

decamethylcyclopentasiloxane (D5) and dodecamethylcyclohexasiloxane (D6)) for the ICHEAR 

chamber was much lower (below 5 μg h-1 p-1) as the volunteers were not allowed to use other 

personal care products besides the specific soap, shampoo and toothpaste offered by the experiment 

organizers. By subtracting the ER of cVMS, the total ER in the classroom would be 3450 μg h-1 p-

1, which is higher than the whole-body ER under ozone-free condition (2165 ± 978 μg h-1 p-1). 

Although the exact ozone level was not reported in Tang et al. (2016), ozone loss along with the 

mixing ratio increase of squalene ozonolysis products (6MHO and 4OPA) were observed when the 

classroom was occupied. Thus, the higher ER obtained in the classroom was probably caused by 

enhanced ERs of those products produced from skin lipids ozonolysis as well as other VOCs 

emitted from personal care products.  

Several studies done in various human occupied indoor environments using PTR-MS have reported 

the emission rates of different VOCs (Pagonis et al., 2019; Stonner et al., 2017; Tang et al., 2016). 
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Species that were commonly measured were selected to compare with the ERs as shown in Figure 

4.5. For 6MHO and 4OPA, as the ozone initially exposed to subjects in the chamber (~ 100 ppb) 

was at the upper limit of normal indoor ozone level, the ERs for those compounds derived  under 

ozone-present condition should also be close to the upper limit. Therefore, the ERs of 6MHO and 

4OPA in the classroom and the gallery room (ozone below 5 ppb) were in the range of the ERs 

from the ICHEAR ozone-free condition and ozone-present condition. While for the cinema 

audience, the ER of 6MHO was even lower than that in the chamber without ozone and 4OPA was 

not detected. Limited indoor ozone due to low outside ozone may be the reason, as was suggested 

in their study. However it can not explain the lower ERs compared to ICHEAR no-ozone condition. 

Previous skin exposure to the outside ozone might explain the difference as the cinema study was 

performed in winter (Germany) when people tend to have less skin exposed to outside air while 

the ICHEAR study was done in April to May (Denmark). For endogenous breath compounds 

acetone, isoprene and methanol where large variability can be expected due to different populations, 

the ERs under ozone-free conditions were in the same order of magnitude (around or within factor 

of 2) as those reported in other studies. One exception is for the much higher ER of methanol in 

the cinema where the methanol was considered more likely to be exogenous compound due to fruit 

or fruit juice intake. Although acetone can also be generated via squalene ozonolysis, as the ozone 

level in other studies were much lower compared to the ozone level in the ICHEAR chamber, the 

dominant source of acetone in other studies should be human breath. The ERs of ethanol were 

comparable before and after ozone addition in the chamber and were much lower than the ER 

reported in other studies. Ethanol is both an endogenous and exogenous compound emitted from 

human breath due to body metabolism and food/drink intake, respectively (Turner et al., 2006a). 

Volunteers participating in the ICHEAR chamber study were requested not to consume any alcohol 

over the experimental period. Studies done in the cinema and gallery room demonstrated that 

alcohol consumption before the movie and the opening event might be the reason for the high 

ethanol ER. This may also explain the higher ERs of acetaldehyde and acetic acid reported in other 

studies as they were produced in the process of body ethanol metabolism and detected in human 

breath (Smith et al., 2010). Due to restrictions in using personal care products for volunteers in the 

chamber study, the ER of monoterpenes was much lower than the ERs reported in the cinema and 

the classroom but comparable to the ER in a gallery room. Little use of personal care products or 

decay over the day (the event in the gallery room was held in late afternoon) might be the reason 

as suggested by the author. 

Several studies have characterized the ERs of breath-borne and skin-born VOCs emissions in a 

sealed chamber occupied by one subject (Mochalski et al., 2014; Sun et al., 2017; Zou et al., 2020). 

VOCs measured in common with ICHEAR chamber study were compared as shown in Table 4.3 

and Table 4.4. As the ozone level was kept as low as possible in other studies, we only include the 
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ERs obtained under ozone-free condition of our chamber study for comparison. The breath ER of 

isoprene is higher than the mean values reported by Sun et al. (2017) and the ER of monoterpenes 

is lower. But they are in the range of their measurements obtained from 117 volunteers. The ER of 

acetone reported by Sun et al. (2017) showed little variation among individuals and is much lower 

compared to the ER of acetone from the ICHEAR chamber study. The author claimed that semi-

quantification of acetone might be a reason as the calibration linear fit was not good enough. Other 

VOCs were not detected in our study, which may be due to lack of repetitive experiments among 

different volunteers. For dermal emissions (see Table 4.4), our results generally agree better with 

the results from Mochalski et al. (2014) except for 6MHO. Exposure to the outside ozone before 

the experiments might be the reason for the much higher 6MHO ER even under ozone-free 

condition. The generally lower ERs of VOCs reported by Zou et al. (2020) was probably due to 

showering directly before the experiment. The ERs of chain aldehydes were found in general to be 

lower than the values reported in two other studies. Bias from the quantification using constant k 

rate instead of gas standards may be one of the reasons. 

 

Figure 4.5 Comparison of selected VOC human emission rates between ICHEAR chamber study 

and other studies. (The emission rate of ethanol for gallery room was not included as it was over 

12000 μg h-1 p-1; The emission rate of methanol was not reported in the study of gallery room; 

4OPA was not measured in the cinema).  
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Table 4.3 Human breath emission rates (μg h-1 p-1) of selected species in the literature 

Species 

Sun et al. (2017) 

Mean (range) 

ICHEAR Exp. 12* 

Mean over steady 

state 

Acetone 24.84 (24.08 - 37.27) 761 

Isoprene 36.71 (0.98 - 288.25) 246 

Acetic acid 2.29 (0.16 – 11.8) Not detected 

Monoterpenes  6.51 (0.25 – 514.23) 2.4 

Methyl ethyl 

ketone 

0.44 (0.13 – 2.06) Not detected 

Phenol 4.8 (0.49 – 193.79) Not detected 

Ethanol 1.31 (0.03- 5.52) Not detected 

*Under ozone-free condition 

 

Table 4.4 Human skin emission rates (μg h-1 p-1) selected species in the literature 

Species 

Zou et al. (2020) 

Mean of 

replicates for one 

subject 

Mochalski et al. (2014) 

Mean of 10 subjects 

ICHEAR Exp. 13* 

Mean over steady 

state 

Monoterpenes  2.6  6.2 7.3 

Acetic acid 19.1  Not reported 185 

C4H8O2 (ester) 19.8  Not reported 31.9 

Acetaldehyde 6.5  Not reported 60.1 

Acetone 39.7  156 182 

Methyl ethyl ketone Not reported 17 7.9 

Methyl vinyl ketone Not reported 24.2 14.9 

6MHO 4  5 181.7 

Geranyl acetone 8.8  Not reported 5.4 

Decanal 39 Not reported 8.2 

Nonanal 32.6 13 6.19 

Octanal 5.4 7.6 0.89 

Hexanal 6.5 11.9 1.19 

*Under ozone-free condition 

 

4.4 Limitations and implications 

Uncertainty up to 50% is expected for the ER of species that were not calibrated using gas standards. 

Therefore, the total uncertainty of whole-body ER under ozone-free condition was up to 36%, 

lower than that under ozone-present condition (up to 45%) since the fractional contribution of 

standard-calibrated species was higher under ozone-free condition compared to the ozone-present 
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condition. Better quantification of the major contributing species would help to lower the 

uncertainty of the ERs. Meanwhile, those carbonyl compounds (e.g. 6MHO, 4OPA and aldehydes) 

generated when ozone was present may not be entirely from the skin/clothing surface as they can 

be secondarily generated in the gas phase which probably can not be strictly called direct human 

emissions. Salvador et al. (2019) studied the ozone effect on soiled shirts using the same climate 

chamber as this study and found that 30% of 6MHO and 40% of 4OPA were actually produced in 

the gas phase when ozone was present in the chamber without subjects present.  

Geranyl acetone, one of the major squalene ozonolysis products was measured at very low mixing 

ratios in the study, around 40 times lower than the mixing ratio of 6MHO. Salvador et al. (2019) 

reported that the steady-state mixing ratio of geranyl acetone was comparable or even higher than 

6MHO when ozone was added into the chamber where four worn T-shirts were placed under 

similar conditions. As Salvador et al. (2019) calibrated those two compounds with prepared 

standards, bias from using constant k rate to calculate the mixing ratios of geranyl acetone and 

6MHO in our study may partly explain the large variation. However, as mentioned before, with the 

uncertainty up to 50%, the mixing ratio of geranyl acetone would still be one order of magnitude 

lower than the mixing ratio of 6MHO if we consider the extreme scenario that the mixing ratios of 

geranyl acetone and 6MHO were underestimated and overestimated by 50%, respectively. This 

indicates the existence of other factors causing the bias. Absorption of geranyl acetone to the inlet 

surface may be one of the reason as the vapor pressure of geranyl acetone (3.35 Pa at 298K) is 

much lower than 6MHO (235 Pa at 298K) (Table 1.4 in Chapter 1). The inlet used in the study was 

longer than the inlet used in Salvador et al. (2019). Under ozone-present conditions, geranyl 

acetone on the inlet surface can be converted to 6MHO by ozone itself, causing less geranyl acetone 

and more 6MHO to be measured by the PTR-MS.  

The skin-only experiment was achieved by introducing only the exhaled air into the other chamber 

via masks and tubing. Therefore, human flatus which is also a source emitting various VOCs (de 

Lacy Costello et al., 2014) may also contribute to the dermal emissions characterized in our study.  

With the specially designed chamber experiments and real-time VOCs measurements, this study 

was able to characterize human bioeffluents and the effect of ozone on human emissions. The study 

indicates that breath emitted VOCs dominate the indoor total VOCs emissions under ozone-free 

conditions, while skin emitted VOCs and their reaction products increased substantially with the 

presence of ozone. The obtained ERs of VOCs can help to improve existing indoor air quality 

models. In particular, through comparison of ERs with other studies, the ERs derived under ozone-

free condition can serve as the bottom limit of natural human emissions. 
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Chapter 5. Total OH reactivity of emissions from humans: 

in-situ measurement and budget analysis 
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Abstract 

Humans are a potent mobile source of various volatile organic compounds (VOCs) in indoor 

environments. Such direct anthropogenic emissions are gaining importance as those from 

furnishings and building materials become better regulated and energy efficient homes may reduce 

ventilation. While previous studies have characterized human emissions in indoor environments, 

the question remains whether VOCs remain unidentified by current measuring techniques. In this 

study conducted in a climate chamber occupied by four people, the total OH reactivity of air was 

quantified, together with multiple VOCs measured by PTR-ToF-MS and fast-GC-MS. Whole-body, 

breath and dermal emissions were assessed. Comparison of directly measured OH reactivity and 

that of the summed reactivity of individually measured species revealed no significant shortfall. 

Ozone exposure (37 ppb) was found to have little influence on breath OH reactivity but enhanced 

dermal OH reactivity significantly. Without ozone, the whole-body OH reactivity was dominated 

by breath emissions, mostly isoprene (76%). With ozone present, OH reactivity nearly doubled, 

the increase being mainly caused by dermal emissions of mostly carbonyl compounds (57%). No 

significant difference in total OH reactivity was observed for different age groups 

(teenagers/young-adults/seniors) without ozone. With ozone present, total OH reactivity decreased 

slightly with increasing age.    
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5.1 Introduction 

People spend on average 80% ~ 90% of their time indoors, and more than 60% in their home 

residence.1-5 Therefore, indoor air quality plays an important role in human health as people are 

exposed to numerous chemical compounds for long periods within their indoor home environment. 

6, 7 The degree of exposure is even higher while movement restrictions are in force e.g. associated 

with pandemic outbreaks.  

For the last 20-30 years, the main focus of the indoor research has been on building-related 

emissions such as building materials, furnishings, and paints; numerous volatile organic 

compounds (VOCs) have been measured from such sources.8-13 However, with improved 

manufacturing techniques, these emissions gradually decreased, increasing the relative importance 

of emissions from occupants themselves.    

Humans are a potent, mobile source of chemicals in indoor environments. Several hundred 

bioeffluent VOCs are known to be emitted via breath and skin.14 In the presence of oxidants such 

as ozone or the hydroxyl radical (OH), oxidation products can be formed.15-19 Besides, indoor OH 

concentrations have been measured and modelled in several studies which indicate the common 

occurrence of levels on the order of 105 molecules cm-3.20-24 Despite the application of advanced 

measurement technology in recent studies, the question remains: are we measuring all of the OH 

reactive species related to indoor human emissions? The question can be addressed by 

measurements of total OH reactivity, which provides a direct measurement of the total loss rate of 

OH radicals in the air. When this value is compared to the sum of the OH reactivity contributed by 

the individually measured species, any difference will indicate that the characterization of species 

has been insufficient. Studies made outdoors have revealed significant differences between 

measured and calculated reactivity.25-28 The missing fraction in comparison to known species gives 

important insights into possible unknown primary emission sources and secondary products.  

The OH reactivity in this study is determined using the comparative reactivity method (CRM)29 

which has been applied in various outdoor locations worldwide from megacities to rainforests.25, 

26, 30-32 A recent inter-comparison of OH reactivity methods has shown that the CRM method 

accurately measures OH reactivity33, especially under high OH reactivity conditions. Therefore, 

indoor environments, where high OH reactivity can be expected, present a good application for this 

method.  

Several studies have characterized VOCs from people in various real world indoor environments 

including aircraft cabins, offices, classrooms, movie theaters and museums.34-39 These results 

inevitably represent emissions from people combined with inputs from clothing, detergents, 

fragrances, furnishings and furniture. While limited indoor studies have considered the OH 



 

150 

 

reactivity contributions of measured indoor VOCs,40 to our knowledge, none to date has compiled 

a budget based on a direct total OH reactivity measurement. Therefore, measuring the total OH 

reactivity and VOCs exclusively from human emissions is needed to answer whether current indoor 

air trace gas measurements provide a complete chemical characterization of human emissions from 

different sources (breath and skin), including their variations under different well controlled 

conditions. Of special interest is total OH reactivity of human emissions in the presence of ozone, 

one of the most important indoor oxidants.41  

This study is a part of the Indoor Chemical Human Emissions and Reactivity (ICHEAR) project, 

which aims to comprehensively characterize the human contribution to indoor air chemistry. The 

goals of this work are: (1) define the OH reactivity of indoor air resulting from whole-body human 

emissions, as well as isolated breath and dermal emissions; (2) identify if any missing reactivity 

exists and the fractional composition of the OH reactivity; (3) examine the effect of ozone; (4) 

examine the effect of human age.    

5.2 Methods 

5.2.1 Chamber Experiment Set-Up 

Two 22.5 m3 stainless-steel climate chambers at the Technical University of Denmark were used 

for all experiments. The stainless steel chamber minimizes the influence of surface effects and 

emissions from furnishings and decorative materials. Detailed information about the experimental 

design and the instrumental set-up are given by Bekö, et al.42 In brief, pre-cleaned chambers were 

ventilated with filtered outdoor air at an air change rate (ACR) of 3.2 ± 0.11 h-1 (mean value 

calculated from measurement of CO2 decay as well as Freon®134a tracer gas, details in Bekö, et 

al.42). The temperature and the relative humidity of the chambers were controlled and monitored. 

For the duration of an experiment, four volunteers were asked to stay inside the chamber wearing 

standardized long-sleeve shirts, pants and calf socks (“long” clothing) or t-shirts, shorts and ankle 

socks (“short” clothing), which were prewashed with fragrance-free detergent and tumble-dried 

after purchase. In the subset of experiments designed to characterize the impact of ozone, ozone 

was generated using a Jelight 600 UV ozone generator and introduced into the chamber supply air 

to achieve the targeted mixing ratio of ~ 100 ppb in an unoccupied chamber. With four people 

present, the steady-state ozone level fell to 37 ppb. The ozone loss due to the chamber surface 

without people present was relatively small (~5%).42 The experiments were performed with three 

groups of young adults, a teenage group and a senior group.   

In this study (Table 1), the identical experiments with the five groups (benchmark experiments, 

Experiment 1, 6, 10, 16, 18) and their replicates (Experiment 21, 25 and 26) were selected to 

determine the total OH reactivity of human whole-body emissions under ozone-free and ozone-
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present conditions, as well as the potential variation of total OH reactivity with age. For each 

benchmark experiment, volunteers wearing “long” clothing stayed in the chamber for ~ 3 hours in 

the morning. Then, after a short lunch break (10 - 15 minutes), volunteers re-entered the chamber 

for the afternoon period (~ 2.5 hours). Ozone was introduced approximately 10 minutes after they 

re-entered the chamber. In addition to the benchmark conditions, additional experiments were 

performed in order to examine breath and skin emissions separately. This was achieved by using 

two identical chambers and asking the volunteers to breathe through a mask (Sperian ValuAir Plus 

6100V series RP155). They inhaled air from the chamber in which they sat, and exhaled air into 

the second chamber. As the main inlet for all measurement instruments was fixed in the primary 

chamber, where the whole-body experiments were performed, the skin-only Experiment 13 was 

performed by asking the volunteers to sit in the primary chamber, while the breath-only Experiment 

12 was achieved by having the volunteers sit in the second chamber. Ozone was always introduced 

into the primary chamber.  

Table 5.1. Experimental conditions and information. 

Experiment 

No*. 

(replicate) 

Experiment type 

Temperature 

(°C) 

(replicate) 

Relative humidity 

(%) 

(replicate) 

Age 

1 
Whole-body: 

young adult (group A1) 
26.2 - 30.3 31 - 35 

mean: 25 

(19 - 30) 
6 (21) 

Whole-body: 

young adult (group A2) 

23.7 - 27.5 

(23.3 - 27.7) 

16 - 23 

(17 - 25) 

10 
Whole-body: 

young adult (group A3) 
25.3 - 28.8 28 - 31 

18 (26) 
Whole-body: 

teenager (group T4) 

24.6 - 28.4 

(25.8 - 30.0) 

29 - 37 

(30 - 36) 

mean: 13.8 

(13 - 15) 

16 (25) 
Whole-body: 

senior (group S5) 

25.3 - 29.7 

(25.4 - 29.0) 

24 - 30 

(24 - 28) 

mean: 70.5 

(68 - 72) 

12 
Breath: 

young adult (group A3) 
32.2 – 32.6 56 - 62  

13 
Skin: 

young adult (group A3) 
26.3 - 29.9 24 - 28  

* Experiment numbers are identical to those in Bekö et al.42. Numbers in parentheses refer to replicate measurements. 

5.2.2 Total OH Reactivity Measurement and Data Analysis 

A common inlet for all instruments (i.d. = 12.7 mm, length 5m, fluorinated ethylene propylene 

tubing) was attached inside the chamber air outlet, to draw air exiting the chamber to instruments 

at 7 L min-1. The inlet was manually controlled via a 3-way valve (Galtek® Solenoid Valves, 

Entegris, Inc.) to allow switching between the chamber’s supply air and exhaust airstreams. A 

subflow (i.d. = 6.35 mm) of ~ 300 mL min-1 from the main inlet was taken by the CRM system 
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which mainly consists of a glass reactor and a detector (a proton transfer quadrupole mass 

spectrometer, PTR-QMS produced by Ionicon Analytik).  

The principle of the CRM is to monitor the concentration variations of a reference molecule with 

a known OH rate constant (pyrrole in this study, Westfalen AG), when it reacts with OH radicals 

alone, or when mixed with ambient air in a glass reactor29. The OH radicals were generated by 

flushing humidified nitrogen (6.0 grade, Westfalen AG) through a Hg-Ar UV lamp (LOT Quantum 

Design). The pyrrole variations were detected by the PTR-QMS at m/z 68 operated under drift 

pressure at 2.2 mbar, temperature at 60 °C and voltage at 600 V (E/N =137 Td)29. The detailed 

CRM operating procedures can be found in the Supporting Information (SI). Due to a failure of the 

drift tube temperature control in PTR-QMS during the experiments with the senior group 

(Experiment 16 and 25), the measured total OH reactivity data for those particular experiments are 

not available. 

The measured OH reactivity was corrected for possible interferences (humidity and non-pseudo-

first-order condition) according to previous studies.29, 33, 43 Interference from NOx (NO and NO2) 

was deemed negligible due to their low mixing ratios (mostly of time near and below the limits of 

detection, 1 ppb). The interferences were described in greater details in the SI. The limit of 

detection (LOD, 3σ) during the campaign was 5 s-1. The total uncertainty of the OH reactivity data 

was ~ 50% (median and mean), with the precision error ranging from 12% - 54% for the 

experiments included in this study. The detailed calculations of total uncertainty and precision can 

be found in the SI. 

5.2.3 VOCs and Other Trace Gas Measurements  

A proton transfer time of flight mass spectrometer (PTR-ToF-MS 8000, Ionicon Analytik) was 

used to measure VOCs in the chamber. The instrument sampled the same main inlet air as the CRM 

instrument by taking another sub-stream of ~ 100 mL min-1 (i.d. = 3.18mm). The PTR-ToF-MS 

was operated under standard conditions (same as PTR-QMS used in CRM) using protonated water 

(H3O
+) as the primary ions. Compounds with proton affinity higher than water are detected at their 

protonated mass (MH+).44 4-point calibrations were performed throughout the campaign using a 

standard gas mixture containing the 14 compounds listed in Table S5.2 (Apel-Riemer 

Environmental Inc.). The time resolution of the measurement was 20 s with mass resolution of 

4000 at mass 96 amu. The LOD (3σ) for the VOCs measured by PTR-ToF-MS ranged from 7 ppt 

to 171 ppt for compounds calibrated with the gas standard. For other detected masses, empirical 

formulas were assigned and the mixing ratios of those masses were calculated using the theoretical 

calculation method assuming a constant proton transfer rate coefficient, with an associated 

uncertainty of ~ 50%.45 Here, an exception was made for 6-methyl-5-hepten-2-one (6MHO), which 
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is a main product of squalene ozonolysis. 37 The mixing ratio was corrected to the reported proton 

transfer rate coefficient46. Due to high abundance of 6MHO (above 4 ppb when ozone was present 

reported in Bekö, et al.42) and its measured fast reaction rate with OH radicals (1.57 × 10-10 cm3  

molecules-1 s-1, see Table S5.2), the uncertainty of calculated reactivity (see section 2.4) for 6MHO 

as well as the total reactivity would be overestimated if no correction was applied.   

The mixing ratios of isoprene and propanal (i.e., propionaldehyde) were taken from a custom-made 

fast gas chromatograph-mass spectrometer (fast-GC) deployed for the campaign with LOD < 25 

ppt and total uncertainty < 10%. This is because the PTR-Tof-MS was found to have interferences 

for isoprene since C5H8H
+ (m/z 69.070) could also result from fragmentation of aldehydes with 

carbon number larger than four47, and the instrument could not distinguish propanal and acetone.  

The fast-GC was operated in selected ion monitoring (SIM) mode to measure certain VOCs at a 

time resolution of 3 minutes. Details of the operation method were described in Bourtsoukidis et 

al.48
.  

Ammonia (NH3) was measured by a manufacturer-calibrated cavity ring-down spectrometer 

(Picarro G2103). A detailed description of the NH3 measurement was reported by Li, et al. 49 Ozone 

was measured by an ozone monitor (Model 205, 2B Technologies). NO and NO2 were continuously 

monitored by a chemiluminescence NO/NOx analyzer (ECO PHYSICS, model CLD 700 AL). 

5.2.4 Calculated OH Reactivity 

In order to compare the directly measured total OH reactivity with the OH reactivity from all 

measured species, the total “calculated OH reactivity” was obtained based on measured trace gas 

concentrations using the following equation: 

                                                                   𝑅 = ∑𝑘𝑋𝑖+𝑂𝐻[𝑋𝑖]                                                 Eq. (5.1)  

where [𝑋𝑖] is the concentration of trace gas species 𝑖 and the 𝑘𝑋𝑖+𝑂𝐻 refers to the rate constant (cm3 

molecule-1 s-1) of species 𝑖 reacting with the OH radical. In total, 78 species with assigned empirical 

formulas and chemical structures were considered in the calculation; these compounds were 

detected above the LODs most of the time, and are related to human emissions (higher mixing 

ratios detected with volunteers inside the chamber in comparison with the empty chamber). These 

species were grouped into hydrocarbons (HC), oxygenated volatile organic compounds (OVOCs), 

nitrogen containing compounds and sulfur containing compounds. OVOCs were further divided 

into five subgroups: alcohols, acids, oxygenated aromatics, carbonyls and others. The list of species 

with corresponding 𝑘𝑋𝑖+𝑂𝐻  taken from published literature is shown in Table S5.2. As some 

measured PTR-ToF-MS masses can be isomeric compounds, an averaged 𝑘𝑋𝑖+𝑂𝐻 was derived for 

isomeric compounds with known rate constants (Table S5.2). However, for some isomeric 
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carbonyls, specific compounds were assigned to the formula according to Wisthaler and Weschler 
37 who reported carbonyl products from human skin lipid reaction with ozone. For some 

compounds whose rate constants with the OH radical are unknown, rate constants for compounds 

with similar chemical structure were used. The uncertainty of the 𝑘𝑋𝑖+𝑂𝐻 for standard-calibrated 

compounds and specifically assigned compounds was estimated to be ~ 10%. While for the 

averaged 𝑘𝑋𝑖+𝑂𝐻  derived from isomeric compounds, large uncertainty (100%) was estimated.30 

The uncertainty of calculated reactivity for each species is a propagation of uncertainties from the 

mixing ratio and the 𝑘𝑋𝑖+𝑂𝐻. Therefore, the total uncertainty of the total calculated OH reactivity 

is highly dependent on the reactivity fraction of the species having less uncertainty (i.e. standard 

calibrated compounds), with mean and median uncertainty of 29% for the experiments in this study.  

Data from each experiment during the steady state condition before volunteers exit the chamber 

were selected and averaged for both measured and calculated OH reactivity. Steady state was  

assumed when the relative change of the calculated reactivity was small at the end of each 

experiment (see details in the SI.), meaning the total production rate of reactive species due to 

human occupants was equivalent to their total loss rate, which included air exchange and deposition 

to chamber surfaces. The data during the steady state period reported in this study were background 

corrected by subtracting the measured mean value in the empty chamber before volunteers entered. 

5.3 Results and discussion 

5.3.1 Total OH Reactivity of Whole-Body Emissions  

Four benchmark experiments (1, 6, 21 and 10) involving three different groups of young adult 

volunteers were selected to represent the whole-body emission from adults, with the mean levels 

of measured and calculated OH reactivity shown in Figure 5.1. In general, the OH reactivity due 

to occupancy by four adults was 14 ± 3 s-1 under ozone-free condition and increased to 33 ± 6 s-1 

with ozone present. There was good agreement with the calculated OH reactivity of 16 ± 2 s-1 and 

33 ± 1 s-1 under ozone-free and ozone-present conditions, respectively. In other words, the 

calculated OH reactivity matched well with the measurements, considering the associated 

uncertainty (Figure S5.1). The OH reactivities of whole-body emissions from four people in the 

ventilated chamber (16 s-1 under ozone-free condition and 33 s-1 under ozone-present condition) 

were comparable to reactivities measured in mega cities50. 

As shown in Figure 5.1, under ozone-free condition hydrocarbons contributed the largest fraction 

(81%) to the total OH reactivity (dominated by isoprene, 76%, 12 s-1), followed by carbonyls (14%).  

Although more than 70 species were considered in the calculation, the top ten species accounted 

for 90% of the total OH reactivity (Table 5.2). Besides isoprene, the reactivity of the other nine 
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species individually was less than 1 s-1. In contrast, after ozone was introduced into the chamber, 

the total OH reactivity doubled compared to the ozone-free condition. Carbonyl compounds 

constituted the largest fraction (57%, 19 s-1). The OH reactivity of hydrocarbons showed a small 

decrease when ozone was present, while the OH reactivity of OVOCs (except for alcohols) 

increased. In particular, the reactivity attributed to carbonyl compounds increased by almost an 

order of magnitude from 2 s-1 without ozone to 19 s-1 with ozone present. 6MHO alone accounted 

for 28% of the total reactivity under the ozone-present condition, which is comparable with the 

fractional contribution by isoprene (33%). This occurred because of their abundance and fast 

reaction rate constants with OH radicals (1.0 × 10-10 cm3  molecules-1 s-1 for isoprene and 1.57 × 

10-10 cm3  molecules-1 s-1 for 6MHO).51,52 Isoprene is one of the most abundant VOCs observed in 

human breath53. 6MHO is a major product of the reaction of ozone with squalene, one of the main 

components of skin lipids15. It should be noted that acetone was found to be much more abundant 

than isoprene, with and without ozone. It is not only a major breath compound53 but also a squalene-

ozone reaction product15. However, due to its much smaller rate constant with the OH radical at 

1.8 × 10-13 cm3 molecules-1 s-1,54 its contribution to the total OH reactivity is relatively small (< 

0.15 s-1). 

The reported OH reactivity of 16 s-1 under ozone-free and 33 s-1 under ozone-present conditions 

with four seated people inside the chamber (temperature range: 23 - 30 °C), gave a reactivity of 4.0 

and 8.3 s-1 per person, respectively. No other direct indoor OH reactivity measurement results are 

available for comparison. However, as no significant missing reactivity was observed, we can 

compare our results to previous studies that reported calculated OH reactivity. For studies that 

reported concentrations of gas-phase species, the OH reactivity can be estimated using Eq. (5.1). 

At identical occupancy, the mixing ratios of indoor gas-phase species are impacted by the room 

volume, the ACR and the surface removal rate. Bigger room volume and larger ACR lead to more 

dilution, which results in lower mixing ratios. In order to compare our results with other studies, 

we adjusted the estimated per-person OH reactivity in other studies for the differences in room 

volume and ACR between those studies and our data. The surface removal of a compound can be 

ignored if it reaches steady state. Since the major compounds (isoprene and 6MHO) contributing 

to the OH reactivity could quickly reach steady-state, the surface removal was not considered.  

Details of the adjustment method are given in SI.  
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Figure 5.1. Calculated and measured OH reactivity of adult whole-body emissions under ozone-

free and ozone-present conditions. Error bars represent the standard deviation derived from the 

data of four benchmark experiments (Experiment 1, 6, 10, 21). 

 

Table 5.2. Top ten species contributing to the calculated OH reactivity of adult whole-body 

emissions (average levels and standard deviations of Experiment 1, 6, 10 and 21) under ozone-free 

and ozone-present conditions. 

 Mass (H+) Compounds OH Reactivity ± SD (s-1) Fraction ± SD % 

Ozone-

free  

* isoprene 12 ± 2.4 76 ± 3.8 

137.132 limonene    0.6 ± 0.1 3.6 ± 1.0 

127.112 6MHO   0.4 ± 0.1 2.6 ± 1.3 

45.034 acetaldehyde   0.3 ± 0.2 2.0 ± 0.9 

# ammonia   0.2 ± 0.1 1.2 ± 0.5 

195.186 geranyl acetone   0.2 ± 0.1 1.1 ± 0.6 

87.044 1,4-butanedial   0.1 ± 0.0 0.9 ± 0.1 

33.034 methanol   0.1 ± 0.0 0.8 ± 0.3 

91.057 C4H10S   0.1 ± 0.1 0.7 ± 0.5 

71.049 C4H6O   0.1 ± 0.0 0.7 ± 0.2 

Sum of top 10 species 14 ± 2.4 90 ± 1.6 

Sum of all species 16 ± 2.3  

Ozone-

present  

* isoprene 11.0 ± 1.2 33 ± 3.8 

127.112 6MHO   9.3 ± 1.1 28 ± 1.2 

101.096 4OPA   1.9 ± 0.2 5.8 ± 0.1 

143.143 nonanal   1.2 ± 0.1 3.5 ± 0.1 

87.044 1,4-butanedial    0.8 ± 0.1 2.5 ± 0.1 

45.034 acetaldehyde   0.8 ± 0.2 2.5 ± 0.8 

137.132 limonene   0.7 ± 0.1 2.2 ± 1.0 

141.127 nonenal   0.7 ± 0.1 2.0 ± 0.1 

* propanal   0.6 ± 0.1 1.8 ± 0.0 

195.186 geranyl acetone   0.4 ± 0.1 1.3 ± 0.5 

Sum of top 10 species 27 ± 1.4 82 ± 0.8 

Sum of all species 33 ± 1.4  

*isoprene and propanal data were obtained from fast-GC. 

#ammonia data was obtained from a cavity ring-down spectrometer (Picarro G2103). 
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Table 5.3 compares the OH reactivity per person (s-1p-1) of this study with those estimated for other 

human occupied indoor environments. The adjusted values for OH reactivity per person obtained 

in various occupied environments are comparable, and within the range of our chamber results 

without and with ozone. In the museum gallery study, the total OH reactivity with high occupant 

density was roughly 73% higher than the total OH reactivity with low occupant density. This 

comparison underlines the significant effect of occupancy on total OH reactivity in real-world 

indoor environments. The major species contributing to the OH reactivity in a classroom36 and a 

museum gallery40 were isoprene, monoterpenes and 6MHO. In a cinema,35 besides isoprene and 

monoterpenes, acetaldehyde, a common human bioeffluent compound,14 was the third compound 

contributing the most to the reactivity.  Less OH reactivity contribution from 6MHO was probably 

caused by the lower level of ozone in winter leading to less skin-initiated oxidation products.35 The 

major species contributing to OH reactivity in our study (Table 5.2) agree well with those in other 

studies. However, when ozone was present in our chamber, carbonyls (not including 6MHO) 

contributed to the reactivity more than monoterpenes (Table 5.2). This likely reflects the fact that 

the volunteers in our study did not use fragranced personal care products, which often contain 

monoterpenes (e.g. limonene).55 Overall, the comparable per-person OH reactivity and the similar 

major OH reactivity contributing species observed in various studies indicates the relative 

consistency of the OH reactivity budget of human emissions. The present study reveals the extent 

to which ozone in an occupied environment can amplify the total OH reactivity of human emissions. 

Table 5.3. Per-person OH reactivity from human emissions in various studies 

Indoor 

Environments 

OH reactivity 

per person 

before 

adjustment 

(s-1p-1) 

Indoor 

volum

e 

(m3) 

Outdoo

r ACR 

(h-1) 

Indoor 

ozone 

level 

(ppb) 

OH reactivity 

per person after 

adjustment 

 (s-1p-1) 

Present study      

Chamber (ozone-free) 4.0 22.5 3.2 < 1 4.0 

Chamber (ozone-

present) 
8.3 22.5 3.2          37 8.3 

Other studies      

Classroom 

(Tang et al.36) 
0.12a 670 5 

Not 

reported 
5.4 

Cinema  

(Stönner et al.35) 
0.055a 1300 5 Low 5.0 

Gallery room (high 

occupancy event)  

(Price et al.40) 

0.080b 6000 0.8   5             5.3 

a OH reactivity per person before adjustment was estimated using reported VOCs emission rates, details shown in the 

Supporting Information. 
b OH reactivity per person before adjustment was estimated based on reported OH reactivity and occupancy number, 

details shown in the Supporting Information.  
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5.3.2 Total OH Reactivity of Breath and Dermal Emissions 

To better understand the relative contributions of breath and dermal emissions to the total whole-

body OH reactivity, results from Experiment 10 (whole-body, adult group A3) are shown in Figure 

5.2, alongside the results from the separate breath and dermal emission experiments performed 

with the same group of volunteers. In general, the measured OH reactivity and the calculated OH 

reactivity were comparable. For breath-only emissions, the total OH reactivity without ozone (13 

s-1) was similar to the total OH reactivity with ozone present (14 s-1). Hydrocarbon reactivity 

dominated the total reactivity under both ozone-free and ozone-present conditions. Although ozone 

had a negligible effect on the reactivity of breath-only emissions, the contribution of carbonyls 

showed an obvious increase under the ozone-present condition (Figure 5.2), accounting for 13% (2 

s-1) of the total calculated OH reactivity. It is likely due to ozone reacting with species in the air 

(e.g. isoprene and monoterpenes) as well as with a small amount of less volatile organic species 

(squalene, unsaturated fatty acids etc.) remaining on the chamber surfaces. As for dermal emissions, 

the calculated reactivity was 5 s-1 under ozone-free condition, which was close to the LOD (5 s-1) 

of the measured reactivity. With ozone present, the OH reactivity increased significantly to 31 s-1, 

with carbonyl reactivity contributing the most (84%, 26 s-1). 6MHO alone accounted for 42% of 

the total (13 s-1). The sum of OH reactivity for breath and dermal emissions exceeded the whole-

body OH reactivity, especially when ozone was present. The dermal-only experiment was 

performed with “short” clothing, while the other experiments were performed with “long” clothing. 

More skin area was exposed to ozone in the dermal-only experiment, leading to greater release of 

reactive species. In addition, the breath-only experiment was performed under higher temperature 

and relative humidity, which made the comparison imperfect. 

 

Figure 5.2. Measured and calculated OH reactivity of breath (Experiment 12), dermal (Experiment 

13) and corresponding whole-body emissions (Experiment 10) under ozone-free and ozone-present 

conditions.  Error bars represent the total uncertainty of the measured and calculated OH reactivity. 
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The top ten OH reactivity contributing species accounted for nearly all of the calculated total OH 

reactivity of breath emissions (99% at ozone-free, 94% at ozone-present conditions, Table S5.3). 

In contrast, the top ten OH reactivity contributing species accounted for 63% (3 s-1) of the 

calculated total OH reactivity of dermal emissions under ozone free and for 75% (24 s-1) under 

ozone-present condition (Table S5.4). The OH reactivity stemming from dermal emissions is more 

chemically diverse, especially under elevated ozone conditions. Similarly, for the whole-body 

emissions, the fraction that could not be explained by the top ten contributing species increased 

from 10% (2 s-1) without ozone to 18 % (6 s-1) with ozone (Table 5.2), indicating that a diverse 

array of reactive species were released into the gas-phase due to ozone-initiated oxidation. The top 

ten species contributing to the whole-body OH reactivity (Table 5.2) could also be found in either 

the top ten species of breath or dermal emissions (Tables S5.2 and S5.3). Taken together, the above 

results indicate that the reactivity of the whole-body emissions under ozone-free condition was 

mostly determined by the reactivity of the breath emissions. A small additional carbonyl reactivity 

of whole-body emissions was presumably attributable to reactivity of dermal emissions which was 

possibly induced by direct dermal emissions or exposure to ambient ozone prior to the experiments. 

The large increase in OH reactivity for whole-body emissions in the presence of ozone was 

attributable to the dramatic increase in products of reactions between ozone and dermal emissions 

(mainly carbonyls).  

With ozone present, the OH reactivity budget was more broadly shared by a mix of carbonyls, 

especially aldehydes, due to dermal emissions (Figure 5.2 and Table 5.2). Mochalski, et al. 56 

measured dermally emitted VOCs using GC-MS from 31 healthy volunteers and detected more 

aldehyde species compared with ketone species. Aldehydes and ketones with the same empirical 

formula are difficult to distinguish when using PTR-MS with H3O
+ as the primary reagent ion. 

According to Mochalski et al.56, carbonyls measured by PTR-MS in our study, especially mono 

carbonyls with larger molecular weight (carbon number > 4), are more likely to be aldehydes than 

ketones. Exceptions are certain ketones known as major skin lipid ozonolysis products (i.e. 6MHO 

and geranyl acetone). Aldehydes including 4-oxopantanal, nonanal, 1,4-butanedial and nonenal 

ranked within the top ten species contributing to the total reactivity under ozone-present condition 

and have all been reported as ozone oxidation products from skin lipids.37, 38, 57, 58  

5.3.3 Total OH Reactivity for Volunteers of Different Ages 

Similar to the results obtained with young adults (YA), the total OH reactivity for teenagers (T) 

and seniors (S) increased by a factor of ~ 2 when ozone was present in the chamber (Figure 5.3), 

compared to when it was absent. Consistently, the increase was mainly caused by increased 

carbonyls > OVOC others > aromatic OVOCs > nitrogen containing species. The contribution from 

alcohol, acids and sulfur containing species were not shown in the plot, since they contributed 
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negligible fractions to the total reactivity (below 0.2 s-1 and 0.5 s-1 under ozone-free and ozone-

present condition, respectively). The measured OH reactivity was generally in good agreement 

with calculated reactivity for teenagers when ozone was absent. However, higher OH reactivity 

was measured (42 ± 3 s-1) compared to the calculated OH reactivity (34 ± 2 s-1) for teenagers when 

ozone was present. Since this difference (missing reactivity of 8 s-1, 19%) was within the 

uncertainty of the measured reactivity (49%), we can’t confidently interpret whether or not it was 

indicative of unmeasured species in this case. 

Skin lipid emission rates tend to decrease with age,59 which may lead to less ozone-initiated 

chemistry on the skin, and lower OH reacivity from dermal emissions in the presence of ozone 

among older individual. Figure 5.3 shows that young adults and teenagers had similar calculated 

total OH reactivity when ozone was present (33 ± 1 s-1 for YA, 34 ± 2 s-1 for T), while the senior 

group showed slightly lower reactivity (29 ± 4 s-1). A similar pattern was observed for the OH 

reactivity contribution from carbonyls (Figure 5.3). This trend of decreasing OH reactivity from 

carbonyls in the presence of ozone with increasing age appears to support the view that less skin 

lipids are generated with increasing age. Another major contributor to the total reactivity is isoprene 

from exhaled breath, as discussed previously. The OH reactivity from isoprene was comparable 

under ozone-free and ozone-present conditions for all groups. As shown in Figure 5.3, seniors had 

slightly lower reactivity attributable to isoprene compared to young adults and teenagers. This is 

in agreement with Kushch, et al. 60, who found isoprene levels in breath to decrease with age for 

men above 20 years. In contrary, other studies have found that younger children (aged 7-13) and 

young people in general (age below 30) emit less isoprene than elderly people.61, 62 Besides age 

and sex, isoprene in breath was found to be related to physiological parameters like respiratory rate 

or cardiac output.63, 64 The large error bars for isoprene reactivity indicate large variations even for 

the same group of people (Figure 5.3). The level of isoprene was likely influenced by multiple 

factors. In summary, due to the mixed gender character of the groups and the limited number of 

volunteers in the teenager and senior groups, it is not possible to discern a potential dependency of 

OH reactivity on age under ozone-free conditions.  

In the absence of ozone, the top ten species  were similar among the age groups, together accounting 

for roughly 90% of the total OH reactivity (Figure S5.2a). Interestingly, nonenal was ranked within 

the top ten species only for seniors; 2-nonenal is found to be involved in aging-related body odor 

change. 65 The sum of the top ten species for each age group accounted for a smaller fraction of the 

total OH reactivity when ozone was present (79% for teenagers, 83% young adults and 79% for 

seniors, Figure S5.2b) than when ozone was absent. Many of the top species under ozone-free 

conditions were also among the top ten consumers of OH in the presence of ozone. However, 

6MHO rose to the 2nd spot in the top-ten list. Two chemicals that were not in the top ten when 
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ozone was absent (4OPA and nonanal), were the 3rd and 4th ranked sinks for OH in the presence of 

ozone in each age group. Although the amount of skin lipids per unit area decreases with age, the 

proportion of different skin lipid constituents remains similar regardless of age.59 Consistent with 

this, in the top ten lists, the carbonyl species derived from ozone oxidation of skin lipids were 

similar across the three age groups (Figure S5.2). 

 

 

Figure 5.3. The total calculated and measured OH reactivity and the calculated OH reactivity for 

five chemical subgroups (those making the greatest contributions) for whole-body emissions from 

teenagers (T, n=2), young adults (YA, n=4) and seniors (S, n=2). Error bars refer to the standard 

deviations obtained from benchmark experiments in each age group. Since nitrogen containing 

species were dominated by ammonia (due to its high mixing ratios52) and the data were only 

available for one benchmark experiment, the variation (error bars) for the senior group (Experiment 

25) could not be derived. 

 

5.4 Limitations and Implications of the Study 

When ozone reacts with squalene, 6MHO and geranyl acetone are generated as primary products 

in roughly equal amounts (see Fig. 1 in Wisthaler and Weschler35). These compounds are also 

generated by secondary reactions between ozone and other primary products of ozone/squalene 

chemistry. 37 In the present study, the measured mixing ratios of geranyl acetone were much smaller, 
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relative to the concentration of 6MHO, than that measured in a simulated office37 or that measured 

in the present chamber66 under similar conditions. Geranyl acetone has a lower vapor pressure and 

larger octanol/air partition coefficient (Koa) than 6MHO, and hence it has a greater tendency to sorb 

to surfaces, including those that constitute the sampling train. The sampling train for this study 

consisted of the main inlet tubing, a three-way valve, and subflows to the instruments, which is 

longer and more complex than those used in the earlier studies. Furthermore, the FEP tubing used 

in this study has been reported to have a greater tendency to sorb gas-phase organics than the PFA 

tubing 67, 68 used by Salvador et al.64 We speculate that in our study a significant fraction of geranyl 

acetone sorbed to the sampling train, and that some of the sorbed geranyl acetone subsequently 

reacted with ozone passing through the sampling lines, generating 6MHO. The length of the 

sampling tubing for the instrument that measured total OH reactivity and the instruments that 

measured speciated gas-phase organics was similar. Hence, measured total OH reactivity and 

calculated total OH reactivity would have been comparably impacted by such an artifact – the air 

that reached the instruments would have had lower geranyl acetone and higher 6MHO 

concentrations than the chamber air. To some extent, the loss of geranyl acetone during sampling 

would be partially compensated by the production of 6MHO that resulted from ozone reacting with 

sorbed geranyl acetone. Hence, the measured total OH reactivity is more reliable than the individual 

measured concentrations of 6-MHO and geranyl acetone. However, this compensation is not 

expected to be perfect, as the OH rate constant for geranyl acetone (two double bonds) is expected 

to be higher than that for 6MHO (one double bond). The net result is that the total OH reactivity 

and the fractional contribution of geranyl acetone may be higher, while the fractional contribution 

of 6MHO may be lower, than what we have reported in this study under the ozone-present condition. 

This sampling artifact should not have a large impact on the comparisons shown in Table 3, since 

the results from other studies have been obtained under conditions with much lower indoor ozone 

concentrations. We expect the per-person OH reactivity in the other studies to be closer to those 

measured for the ozone-free condition in the current study, as indeed they are.  Meanwhile, the 

artifacts from hydroperoxide decomposition catalyzed by any metal surface were considered 

negligible in this study (see details in the SI). 

It is worth noting that the agreement between measured and calculated reactivity is a sensitive test 

of budget completeness for those organic compounds that have higher OH reactivity. This method 

is however insensitive to the presence of unreactive species and blind to chemically inert species. 

Ozone was the variable we deliberately changed during each experiment. However, the light lunch 

may be an unintended variable; subsequent changes in metabolism may slightly alter human breath 

and skin emissions as suggested by Li et al.49 in the case of NH3. The reactivity with ozone present 

is highly driven by isoprene and 6MHO. Isoprene, as an endogenous breath compound, would be 
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more impacted by metabolism. However, exhaled isoprene levels can be affected by a number of 

variables as mentioned in section 3.3. Further experiments are needed to better define the influence 

of food intake on isoprene levels. Another limitation is the small number of subjects constituting 

the teenager and senior groups; this limited the power of statistical comparisons among the age 

groups.  

Measuring the total OH reactivity is a novel method that supplements specific analytical methods 

used to measure individual species. This study demonstrates the application and feasibility of the 

OH reactivity measurement in indoor environments. Although no significant unattributed reactivity 

was observed with and without ozone, differences were observed in the contributions of various 

chemical species. This study focused on human emissions in the absence of personal care products; 

further studies are needed to quantify the effect of such products (e.g., fragrances or deodorants) 

on OH reactivity. Meanwhile, during periods of lower traffic intensity (e.g., weekends or holiday 

periods, or lockdowns), lower NOx emissions from vehicles may result in elevated ozone 

concentrations, especially in cities69,70. This can lead to higher indoor reactivity and potentially to 

increased exposure to reaction products derived from occupant generated compounds. 
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Supporting Information 

Comparative reactivity method (CRM) operating procedures 

The reference molecule used in CRM is pyrrole (C4H5N)1, which reacts with OH radicals at 

comparable rates with reactive species and is not commonly presented in the measured air. Pyrrole 

can be sensitively detected by PTR-MS due to its higher proton affinity than water. For CRM, three 

measurement modes were implemented to quantify the total OH reactivity: (1) pyrrole together 

with an OH radical scavenger2 was introduced to define the initial pyrrole level (C1 mode); (2) the 

OH radical scavenger was stopped and the level of pyrrole after reaction with OH radicals was 

recorded (C2 mode); (3) finally sample air from the chamber was introduced into the reactor with 

the pyrrole, the resulting competition for the available OH leading to a third pyrrole level (C3 

mode). Based on these three modes, the total reactivity (R, s-1) was calculated using the following 

equation: 

                                                                𝑅 =
(𝐶3−𝐶2)

(𝐶1−𝐶3)
∙ 𝐶1 ∙ 𝑘𝑃𝑦𝑟𝑟𝑜𝑙+𝑂𝐻                               

where C1, C2 and C3 refer to previously mentioned pyrrole concentrations (molecules cm−3) in the 

corresponding mode and 𝑘𝑃𝑦𝑟𝑟𝑜𝑙+𝑂𝐻  refers to the rate constant of pyrrole reacting with OH 

radicals3. During an experiment, the OH reactivity measurement was switched between C2 mode 

and C3 mode every 5 minutes, and the C1 mode was usually measured at the end of the day. The 

pyrrole level measured by PTR-QMS was calibrated frequently using a gas standard (Westfalen 

AG, Germany).  

Interference and corrections of OH reactivity data analysis 

 Pyrrole photolysis 

The pen ray mercury lamp used for water photolysis would also lead to pyrrole photolysis, which 

would complicate the system1. Therefore, the initial pyrrole level (C1) was determined when the 

lamp was on, which already considered the loss of pyrrole due to photolysis.  

 Humidity correction 

As the OH radical concentration is dependent on the water vapor inside the reactor, any difference 

in humidity between the C2 and C3 modes must also be taken into account. The humidity correction 

was done by humidifying the air flow of CRM at different degrees under C2 mode1. The humidity 

was monitored by the ratio of m/z 37 (water cluster) and m/z19 (primary ions). Then a correction 

factor can be derived from the slope of humidity vs. C2 pyrrole level, with an error of 29%. The 

correction factor was then applied to the C2 level during measurements to correct the humidity 
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difference between C2 mode and C3 mode. The correction of the C2 level was on average 0.06 ± 

0.04 ppb, leading to a reactivity of 0.4 ± 0.2 s-1.  

 Correction factor for not being at pseudo-first-order conditions 

Equation (1), used to derive the OH reactivity, is based on the assumption of pseudo-first-order 

conditions. These conditions cannot be entirely fulfilled under normal operating conditions when 

maintaining a reasonable sensitivity. Therefore, a correction factor was applied as a function of the 

pyrrole/OH ratios. The method used to derive the correction factor is based on Michoud, et al. 4. 

The correction factor was obtained from injecting known amount of a standard gas under different 

pyrrole/OH ratios conditions. A factor can be obtained from measured reactivity vs. calculated 

reactivity for that gas. Total of five standard gases with different rate constants reacting with the 

OH radical including propane, propene, isoprene, α-pinene and acetaldehyde were tested within 

the pyrrole/OH range observed during the entire campaign. A linear fit was applied among all the 

factors derived from the tests, resulting in a linear relationship between the correction factor and 

pyrrole/OH ratio (f = a[pyrrole/OH]+b), with an error of 31%. Throughout the campaign, the 

pyrrole/OH ratio ranged from 2.0 - 3.0, which increased the OH reactivity by a factor of 1.3 to 2.7. 

 NOx interference 

Previous studies have also shown that NOx can potentially cause an interference to CRM 

measurements by producing OH radicals via reactions with HO2 radicals. Relevant corrections 

should be applied if the measured conditions have abundant NOx (NO > 10ppb1) and it should be 

noted that NO has a more significant interference compared to NO2 at the same level4-6. NO and 

NO2 were continuously monitored by a chemiluminescence NO/NOx analyzer (ECO PHYSICS, 

model CLD 700 AL). The mixing ratios of NO and NO2 in the occupied chamber were near or 

below the detection limit (1 ppb) for most of the time during the entire experimental period. By 

taking into account the dilution factor of the CRM (1.37), NO and NO2 levels in the glass reactor 

would be lower than the detection limit most of the time. Therefore, NOx interference to the CRM 

could be neglected and no correction was applied. NO and NO2 have OH rate constants comparable 

to some VOCs shown in Table S1 (9.70 × 10-12 cm3  molecules-1 s-1 and 9.80 × 10-12 cm3  molecules-

1 s-1 for NO and NO2, respectively7). The upper limit of the NOx contribution to the total reactivity 

(assuming 2 ppb of NO or NO2) would be 0.5 s-1 (3.0% of the total reactivity under ozone-free 

condition and 1.5% under ozone-present condition). This is comparable to some top ten OH 

reactivity contributing species (Table 2). The NOx data were mostly at or below the detection limit 

and no clear trend can be observed due to human occupancy; the 2 ppb of NOx assumption 

represents an upper limit estimate rather than a measurement. Therefore, NOx was not included in 

the calculation of OH reactivity in the study.  

 Ozone interference 
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High level of ozone was also found to cause interference depending on the CRM system5. For 

ozone interference test, different levels of ozone (0 -110 ppb) was introduced to the empty chamber. 

The measured OH reactivity interference due to ozone was less than 3 s-1 at the highest ozone level, 

which is lower than the limit of detection for CRM during this campaign (5 s-1). The ozone level 

in the chamber during the afternoon steady state when occupied was around 37 ppb, resulting in 1 

s-1 difference in the measured reactivity which was much smaller than the total uncertainty of the 

measured reactivity (16 – 22 s-1). As the ozone interference is negligible and extra uncertainty 

would be introduced from the correction factor, no correction was applied. 

Calculations of precision and total uncertainty of CRM 

When a test gas is injected into the CRM at several known concentrations, the corresponding mean 

reactivity at each concentration can be obtained together with the standard deviation. By plotting 

the relative reactivity (standard deviation/mean reactivity, 𝑅𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒) against the mean reactivity 

(𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑), an exponential curve is obtained that can be fit with the equation: 

𝑅𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 = 𝑎 + 𝑏 ∗ exp (𝑐 ∗ 𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)  

where parameters a, b and c are derived from curve fitting and the relative reactivity defines the 

precision. For this study, results from test gases mentioned in “Correction factor for not being at 

pseudo-first-order conditions” were included to derive the fitting results. Based on the measured 

reactivity of real measurements, the precision can be calculated by applying this equation to each 

data point. 

The accuracy of the CRM is the propagation of uncertainties from the pyrrole standard gas 

concentration, the dilution factors derived from flow measurements, the OH rate constant of pyrrole, 

the humidity correction, and the non-pseudo-first-order correction. Detailed numbers can be found 

in Table S5.1. 

Table S5.1 Uncertainties in the CRM 

Uncertainties from Uncertainties (%) 

Pyrrole standard gas 10 

Dilution factors 0.16 

OH rate constant of pyrrole 14 

Humidity correction 29 

Non-pseudo-first-order correction 31 

Propagated accuracy 46 

Total uncertainty (mean and median) 50  
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Empty-chamber background 

The background obtained from the empty chamber before volunteers entered was in general very 

stable for calculated reactivity (3 s-1 on average with a variability of 10%). For measured total 

reactivity, the background was typically around or under the detection limit (5 s-1). 

Definition of steady-state condition 

As the calculated reactivity has less uncertainty than measured reactivity, the steady-state condition 

was verified by the relative change of calculated reactivity during the 15 minutes before volunteers 

exited the chamber. This is to avoid any effect left due to requested movements by the volunteers 

(standing up and stretching) every hour during each experimental period. For all the experiments, 

the relative changes ((max-min)/mean) were below 5% (0.8-5.0%, mean 2.1%), which is much less 

than the uncertainty of the calculated OH reactivity (21% - 45%, median and mean 29%). Therefore, 

the time period of 15 minutes is suitable to be considered as steady-state condition. 

 

Adjustment method applied for OH reactivity per person comparison 

To be able to compare the OH reactivity per person (s-1p-1) in the ICHEAR chamber experiments 

with other studies, the OH reactivity per person obtained from other studies were adjusted for the 

room volume and the air change rate (ACR) applied in the ICHEAR chamber experiments using 

the following equations: 

𝑅𝑃𝑎 =
𝑅𝑜𝑜𝑚 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑜𝑡ℎ𝑒𝑟 𝑠𝑡𝑢𝑑𝑖𝑒𝑠)

22.5 𝑚3
× 
𝐴𝐶𝑅 (𝑜𝑡ℎ𝑒𝑟 𝑠𝑡𝑢𝑑𝑖𝑒𝑠)

3.2 ℎ−1
× 𝑅𝑃𝑏 

where 𝑅𝑃𝑎 refers to the OH reactivity per person after the adjustment and 𝑅𝑃𝑏 refers to the OH 

reactivity per person before the adjustment, which is obtained from the total OH reactivity divided 

by the number of occupants in that environment. 22.5 m3 is the ICHEAR chamber volume and 3.2 

h-1 is the ACR for the chamber. The per-person OH reactivity before the adjustment (𝑅𝑃𝑏) for the 

other studies mentioned in Table 3 were estimated using reported values. For the museum gallery 

room study70, 𝑅𝑃𝑏  is derived from the incremental total OH reactivity (14 s-1) during the high 

occupancy event (compared to the low occupancy condition) divided by the number of occupants 

(176 on average). For the classroom study71 and cinema study72, the 𝑅𝑃𝑏 was calculated based on 

the VOC emission rates (μg h-1p-1) reported in each work. As both studies used PTR-ToF-MS, 

some masses could only be assigned to chemical formulas instead of specific compounds. 

Therefore, we only included masses with specific compound assignments reported in those two 

studies to calculate the total OH reactivity per person. Those included VOCs were mostly measured 

during the present experiments as well. The emission rates were first converted to mixing ratios 

per person (ppb p-1) based on the indoor space volume and the ACR reported in each study. Then 
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the total OH reactivity per person was calculated using Eq.5.1 in the main text. The estimated 𝑅𝑃𝑏 

of those two studies may slightly underestimate the actual values as those masses without a specific 

compound assignment (accounting for < 20% of the total VOC emission rates) were not included 

in the calculation. 

Potential artifacts from decomposition of hydroperoxides 

It has been reported that metal surface can act as a catalyst for the decomposition of organic 

hydroperoxides, and that this is temperature dependent.73 It has been further reported that with 

stainless tubing, the conversion rates for ISOPOOH to formaldehyde at room temperature were not 

significant (below 10%) but increased to 50% at 160 °C73. As the temperature in the ICHEAR 

chamber study was always less than ~ 31°C, this artifact on the stainless-steel chamber walls is not 

anticipated to be important. However, for the PTR-ToF-MS instrument, this interference may still 

exist as the drift tube was heated to 60 °C, converting a small amount of ISOPOOH to other 

products. Another important factor to consider is that in the ICHEAR chamber study, the main 

oxidant was ozone instead of OH radicals (which are the major oxidant outdoors). MVK and 

MACR, rather than ISOPOOH, are the major products of isoprene ozonolysis74. Furthermore, the 

reaction between ozone and isoprene is relatively slow (1.1 x 10-3 ppb/h at 298 K)7; at the average 

ozone concentration (37 ppb) used in ICHEAR, the O3/isoprene reaction occurs at a rate (0.04 h-1) 

substantially slower than the air change rate (3.2 h-1). Hence, production of ISOPOOH via ozone 

reaction was quite small in ICHEAR. The formation of ISOPOOH, to the extent that it occurred in 

ICHEAR, was probably from isoprene/OH oxidation as OH radicals can be generated during the 

ozonolysis of unsaturated compounds. Assuming the extreme scenario that measured MVK/MACR 

were half decomposed from ISOPOOH, it would increase the calculated reactivity during ozone-

present condition by 0.6 s-1 as ISOPOOH has a faster reaction rate constant compared to 

MVK/MACR (9.65 × 10-11 cm3 molecules-1 s-1, averaged of (1,2)-ISOPOOH and (4,3)-ISOPOOH)75. 

The calculated increase of 0.6 s-1 is within the standard deviation of the total calculated reactivity 

(1.4 s-1). Therefore, we judge that the interference should be small. In terms of reactivity 

measurement, as the PTR-QMS measured the air coming out of the glass reactor and temperature 

inside the reactor was around 35-40 °C, there should be no interference.  
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Table S5.2. List of compounds used in calculating the estimated OH reactivity. 

Compound 

group 

Protonated 

m/z from 

PTR-MS 

Formula 

assignment 

Possible compound 

assignment 

kXi+OH (cm3  

molecules-1 s-1) at 

298K* 

Remarks** Reference 

Hydrocarbons 

(HC) 

 C5H8 isoprene 1.00 × 10-10 Data from fast-GC 7 (IUPAC) 

79.053 C6H6 benzene 1.20 × 10-12 PTR calibrated  7 (IUPAC) 

93.070 C7H8 toluene 5.60 × 10-12 PTR calibrated  7 (IUPAC) 

105.070 C8H8 styrene 5.80 × 10-11  8 

107.086 C8H10 xylene 
1.70 × 10-11 

(1.36 -2.31) × 10-11 

PTR calibrated;  

k rate averaged from 

listed isomeric 

compounds 

8 

119.086 C9H10 2-phenylpropene 5.30 × 10-11  9 

121.101 C9H12 trimethylbenzene 
4.06 × 10-11 

(3.25 -5.67) × 10-11 

PTR calibrated;  

k rate averaged from 

listed isomeric 

compounds 

8 

133.101 C10H12 
benzene,(2-methyl-1-

propenyl)- 
3.30 × 10-11  9 

137.132 C10H16 monoterpenes 1.64 × 10-10 

PTR calibrated using α-

pinene; k rate of 

limonene was taken 

7 (IUPAC) 

OVOC 

Alcohols 

33.034 CH4O methanol 9.00 × 10-13 PTR calibrated 7 (IUPAC) 

47.049 C2H6O ethanol 3.20 × 10-12  7 (IUPAC) 

OVOC 

Acids 

43.018 

61.029 
C2H4O2 acetic acid 8.00 × 10-13  10 

73.029 C3H4O2 acrylic acid 1.75 × 10-11  11 

89.023 C3H4O3 pyruvic acid 1.24 × 10-13  12 

OVOC 

Aromatics 

 

95.049 C6H6O phenol 3.27 × 10-11  13 

107.049 C7H6O benzaldehyde 1.20 × 10-11  7 (IUPAC) 

109.029 C6H4O2 1,4-benzoquinone 4.60 × 10-12  14 

109.065 C7H8O 

methylphenol/methoxybenz

ene/toluene-1,2-oxide 3/2-

methyloxepin 

7.74 × 10-11 

(2.54 -21.0) × 10-11 

k rate averaged from 

listed isomeric 

compounds 

15-17 
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121.065 C8H8O tolualdehyde 1.60 × 10-11  8 

123.044 C7H6O2 p-benzoquinone, 2-methyl- 2.35 × 10-11  14 
 123.081 C8H10O dimethylphenol 8.48 × 10-11  16 

OVOC 

Aromatics 

125.060 C7H8O2 

4-methoxyphenol /3-

methoxyphenol/2-

methoxyphenol 

8.94 × 10-11 

(7.44-9.80) × 10-11 

k rate averaged from 

listed isomeric 

compounds 

16 

135.081 C9H10O dimethylbenzaldehyde 
2.74 × 10-11 

(2.46-3.70) × 10-11 

k rate averaged from 

listed isomeric 

compounds 

18 

137.060 C8H8O2 1,4-benzodioxane 2.52 × 10-11  19 

149.096 C10H12O 
2,4,5-

trimethylbenzaldehyde 
4.27 × 10-11  20 

OVOC 

Carbonyls 

 

31.018 CH2O formaldehyde 9.37 × 10-12  8 

45.033 C2H4O acetaldehyde 1.50 × 10-11 PTR calibrated 7 (IUPAC) 

57.034 C3H4O acrolein 2.00 × 10-11  21 

59.048 C3H6O acetone 1.80 × 10-13 PTR calibrated 7 (IUPAC) 

71.048 C4H6O 

methyl vinyl ketone 

(MVK)/methacrolein 

(MACR)/isoprene hydroxy 

hydroperoxide (ISOPOOH) 

2.45 × 10-11 

(2.0 -2.9) × 10-11 

PTR calibrated;  

k rate averaged from 

MVK and MACR 

7 (IUPAC) 

73.064 C4H8O methyl ethyl ketone 1.10 × 10-12 PTR calibrated 7 (IUPAC) 

75.044 C3H6O2 hydroxyacetone 3.00 × 10-12  22 

83.049 C5H6O 
4-oxopentanal fragment; 

methylfuran 
2.00 × 10-11 k rate of 4OPA was taken 23 

85.028 C4H4O2 butenedial 5.21 × 10-11  24 

85.065 C5H8O 2-pentenal 4.37 × 10-11  25 

87.044 C4H6O2 1,4-butanedial 5.70 × 10-11 
k rate of 4-hydroxy-2-

butenal was taken 
26 

87.081 C5H10O pentanal 2.80 × 10-11  8 

97.020 C5H4O2 2 or 3-furancarboxaldehyde 
4.18 × 10-11 

(3.50-4.85) × 10-11 

k rate averaged from 

listed isomeric 

compounds 

27 

97.065 C6H8O 2,4-hexadienal 5.90 × 10-11  28 

99.045 C5H6O2 4-oxo-2-pentenal 5.58 × 10-11  24 
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99.081 C6H10O 

cis-3-hexenal; (2e)-2-

hexenal;  

2-pentenal, 2-methyl- 

4.64 × 10-11 

(3.93 -6.60) × 10-11 

k rate averaged from 

listed isomeric 

compounds 

29-31 

101.060 C5H8O2 4-oxopentanal (4-OPA) 2.00 × 10-11  23 
 101.096 C6H12O hexanal 3.00 × 10-11  8 

OVOC 

Carbonyls 

103.075 C5H10O2 
1-hydroxy-2-methyl-3-

butanone 
1.62 × 10-11  32 

109.101 

127.112 
C8H14O 

6-methyl-5-hepten-2-one  

(6-MHO) 
1.57 × 10-10  33 

111.081 C7H10O 

4-methylenehex-5-

enal/(3z)-4-methylhexa-

3,5-dienal/(3e)-4-

methylhexa-3,5-dienal/4-

methylcyclohex-3-en-1-one 

1.69 × 10-10 

(1.10 -3.10) × 10-10 

k rate averaged from 

listed isomeric 

compounds 

34 

113.096 C7H12O (e)-2-hepten-1-al 4.39 × 10-11  25 

115.112 C7H14O 
2, 3‐dimethylpentanal; 

heptanal 

3.20 × 10-11 

(2.96 -4.20) × 10-11 

k rate averaged from 

listed isomeric 

compounds 

35, 36 

127.076 C7H10O2 
3-methyl-3-hexene-2,5-

dione 
9.40 × 10-11  20 

129.127 C8H16O octanal 3.00 × 10-11 
k rate estimated, same as 

hexanal 
 

139.112 C9H14O 

bicyclo[2.2.1]heptan-2-

one,3,3-dimethyl-

/sabinaketone/ 

bicyclo[3.1.1]heptan-2-one, 

6,6-dimethyl- 

8.85 × 10-12 

(5.15 -14.3) × 10-12 

k rate averaged from 

listed isomeric 

compounds 

37, 38 

123.117 

141.127 
C9H16O trans-2-nonenal 4.35 × 10-11  30 

125.132 

143.143 
C9H18O nonanal 3.60 × 10-11  39 

153.127 C10H16O camphor 3.80 × 10-12  40 

155.154 C10H18O geraniol; citronellal 
1.90 × 10-10 

(1.50 -2.31) × 10-10 

k rate averaged from 

listed isomeric 

compounds 

41, 42 
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137.097 

155.107 
C9H14O2 

4-methyl-4-octene-1,8-dial 

(4-MOD) 
1.57 × 10-10 

k rate estimated, same as 

6-MHO 
 

139.148 

157.159 
C10H20O 

C10 aliphatic carbonyls 

(decanal) 
3.60 × 10-11 

k rate estimated, same as 

nonanal 
 

151.112 

169.123 
C10H16O2 

4-methyl-8-oxo-noennal  

(4-MON) 
1.57 × 10-10 

k rate estimated, same as 

6-MHO 
 

OVOC 

Carbonyls 

171.175 C11H22O 
C11 aliphatic carbonyls 

(undecanal) 
3.60 × 10-11 

k rate estimated, same as 

nonanal 
 

177.164 

195.175 
C13H22O geranyl acetone 1.57 × 10-10 

k rate estimated, same as 

6-MHO 
 

 C3H6O propanal 2.00 × 10-11 Data from fast-GC 7 (IUPAC) 

OVOC 

others 

 

69.034 C4H4O furan 4.04 × 10-11  43 

89.060 C4H8O2 

acetic acid, ethyl ester; 

formic acid, 1-methylethyl 

ester 

2.04 × 10-12 

(1.69 -2.4) × 10-12 

k rate averaged from 

listed isomeric 

compounds 

44, 45 

111.044 C6H6O2 

aromatic phenol/e,z- and 

e,e-2,4-hexadienedial/2-

furancarbocaldehyde, 5-

methyl-/1,2-

dihydroxybenzene/1,4-

benzenediol/1,3-

benzenediol 

5.19 × 10-11 

(0.44 -10.3) × 10-11 

k rate averaged from 

listed isomeric 

compounds 

14, 46, 47 

113.060 C5H10O2 

formic acid, tert-butyl 

ester/butanoic acid, methyl 

ester/formic acid, butyl 

ester/propanoic acid, 2-

methyl-, methyl ester/ 

2.63 × 10-12 

(0.68 -3.82) × 10-12 

k rate averaged from 

listed isomeric 

compounds 

48-52 

115.075 C6H10O2 

ethyl crotonate/3-methyl-

2,4-pentanedione/2,5-

hexanedione/methacrylic 

acid ethyl ester 

3.25 × 10-11 

(0.67 -4.96) × 10-11 

k rate averaged from 

listed isomeric 

compounds 

53-56 
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117.091 C6H12O2 

butanoic acid, 2-methyl-, 

methyl ester/methyl 

valerate/acetic acid, butyl 

ester/isobutyl 

acetate/propanoic acid, 

propyl ester/butanoic acid, 

ethyl ester 

4.17 × 10-12 

(0.56 -6.33) × 10-12 

k rate averaged from 

listed isomeric 

compounds 

48, 49, 52, 57-59 

OVOC 

others 

129.091 C7H12O2 
n-butyl acrylate/4-pentenyl 

acetate 

3.28 × 10-11 

(2.28 -4.33) × 10-11 

k rate averaged from 

listed isomeric 

compounds 

60, 61 

143.107 C8H14O2 
1-hydroxy-6-methyl-5-

hepten-2-one (OH-6MHO) 
6.60 × 10-11 

k rate of butyl 

methacrylate was taken 
60 

Nitrogen 

containing 

42.033 C2H3N acetonitrile 2.20 × 10-14 PTR calibrated 7 (IUPAC) 
 NH3 ammonia 1.57 × 10-13 Data from Picarro 7 (IUPAC) 

46.029 CH3NO formamide/formaldoxime 
2.97 × 10-12 

(1.50 -4.44) × 10-12 

k rate averaged from 

listed isomeric 

compounds 

62, 63 

70.065 C4H7N butyronitrile 2.56 × 10-13  64 

74.024 C2H3NO2 nitroethene 1.20 × 10-12  65 

Sulfur 

containing 

49.011 CH4S methanethiol 3.30 × 10-11  7 (IUPAC) 

63.026 C2H6S dimethyl sulfide 4.80 × 10-12 PTR calibrated 7 (IUPAC) 

91.057 C4H10S 

tert-butylthiol; 2-

butanethiol; 1-propanethiol, 

2-methyl-; 1-butanethiol;  

4.22 × 10-11 

(2.91 -5.60) × 10-11 

k rate averaged from 

listed isomeric 

compounds 

66 

95.016 C2H6O2S dimethyl sulfone 3.00 × 10-13  67 

IUPAC: preferred values recommend by IUPAC were taken. 

* rate constant ranges listed in parentheses refer to the range of rate constants of listed isomeric compounds. 

**Compounds without mentioning as “PTR calibrated”, “fast-GC” nor “Piccaro” refer to the mixing ratios of species measured by PTR-

ToF-MS were calculated based on theoretic method using a constant rate coefficient (2.0E-9 cm3s-1) for the reactions with H3O
+ 68, except 

for 6-MHO where a known rate coefficient (3.8E-9 cm3s-1) was used 69.   
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Table S5.3. Top ten species contributing to the calculated OH reactivity of breath emissions 

(Experiment 12, adult group A3) under ozone-free and ozone-present conditions. 

 Mass (H+) Compounds 
OH Reactivity (s-

1) 
Fraction  

Ozone-

free  

* isoprene             11.9 95.3% 

33.034 methanol 0.15 1.2% 

137.132 limonene 0.09 0.7% 

59.048 acetone 0.08 0.6% 

69.034 furan 0.04 0.3% 

61.029 acetic acid 0.04 0.3% 

87.044 1,4-butanedial 0.03 0.2% 

127.112 6MHO 0.02 0.2% 

91.057 C4H10S 0.02 0.2% 

63.026 DMS 0.01 0.1% 

 Sum of top 10 

species 

12.3 

99.1% 
 Sum of all species 12.5  

Ozone-

present  

* isoprene 11.2 82.5% 

87.044 1,4-butanedial   0.5 3.4% 

101.096 4OPA   0.3 2.0% 

45.034 acetaldehyde   0.2 1.5% 

127.112 6MHO   0.1 0.9% 

* propanal   0.1 0.9% 

71.049 C4H6O   0.1 0.8% 

33.034 methanol   0.1 0.8% 

69.034 furan   0.1 0.7% 

61.029 acetic acid   0.1 0.7% 

 Sum of top 10 

species 

12.8 

94.3% 
 Sum of all species 13.5  

*isoprene and propanal data were obtained from fast-GC 
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Table S5.4. Top ten species contributing to the calculated OH reactivity of dermal emissions 

(Experiment 13, adult group A3) under ozone-free and ozone-present conditions. 

 Mass (H+) Compounds 
OH Reactivity (s-

1) 
Fraction  

Ozone-

free  

45.034 acetaldehyde 0.7 15.1% 

69.070 isoprene 0.3 7.2% 

127.112 6MHO 0.3 7.0% 

95.049 phenol 0.3 6.6% 

137.133 limonene 0.3 6.3% 

# ammonia 0.2 4.6% 

121.065 tolualdehyde 0.2 4.5% 

91.057 C4H10S 0.2 4.3% 

87.044 1,4-butanedial 0.2 4.1% 

71.049 C4H6O 0.2 3.8% 

 Sum of top 10 

species 
2.9 63.4% 

 Sum of all species 4.6  

Ozone-

present  

127.112 6MHO             13.2 41.8% 

101.096 4OPA  3.6 11.3% 

87.044 1,4-butanedial  1.5 4.6% 

45.034 acetaldehyde  1.3 4.1% 

157.159 decanal  0.7 2.3% 

143.143 nonanal  0.7 2.3% 

141.127 nonenal  0.7 2.2% 

143.107 OH-6MHO  0.7 2.2% 

137.133 limonene  0.6 2.0% 

195.186 geranal acetone  0.5 1.7% 

 Sum of top 10 

species 23.5 74.5% 
 Sum of all species 31.5  

#ammonia data was from Picarro. 
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Figure S5.1. Calculated and measured OH reactivity during ozone-free and ozone-present steady-

state conditions of the benchmark experiments with young adults. Error bars represent the total 

uncertainty of measured OH reactivity and calculated OH reactivity. Experiment 21 is a replicate 

of Experiment 6. 

 

 
Figure S5.2. Top ten species contributing to the total OH reactivity for teenagers, young adults and 

seniors under (a) ozone-free condition and (b) ozone-present condition. The species marked with 

red underline represent unique species that do not appear among the top ten species of the other 

two groups. The pie chart in each plot represents the fractions of the total reactivity attributable to 

the top ten species (hatched) and remaining species (blank). 

(a)

(b)
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This doctoral work mainly focuses on the characterization of carbonyl compounds and their 

contribution to the total OH reactivity in both outside atmosphere and indoor human occupied 

environments. The PTR-MS is the major measurement technique applied to monitor carbonyls and 

the total OH reactivity. It was shown throughout this work that similar volatile carbonyl compounds 

can be present both outdoors and indoors, albeit at different levels caused by various emission 

sources and formation mechanism, influencing the air chemistry. In both situations, comparing the 

measured total OH reactivity and the estimated OH reactivity helped to identify the completeness 

of reactive species characterization and to understand to what extent carbonyls contribute to the 

total loss frequency of OH radicals. 

For the outdoor environment, the carbonyls and the total OH reactivity were measured around the 

Arabian Peninsula from on-board a ship. Aliphatic carbonyls were generally more abundant than 

unsaturated and aromatic carbonyls over the different regions. Acetone had the highest mixing 

ratios ranging from several hundred ppt over the Arabian Sea to several ppb over the Arabian Gulf, 

followed by formaldehyde and acetaldehyde, which showed a similar regional distribution. Case 

studies demonstrated that photochemical oxidation of precursors and biomass burning were 

important sources for carbonyls over the Arabian Gulf and Suez region, respectively. Meanwhile, 

direct emissions from anthropogenic sources (ship emissions and oil & gas industry) could also 

contribute to the high mixing ratios of carbonyls. By further comparing the measured mixing ratios 

of major carbonyls (acetaldehyde, acetone and methyl ethyl ketone) with a comprehensive global 

atmospheric chemistry model (EMAC), acetaldehyde was found to have the largest bias over most 

of the regions, which was largely underestimated by the model simulation, up to a factor of 10. By 

implementing an oceanic source of acetaldehyde from photodegradation of colored dissolved 

organic matter reported in previous literature, the model estimation had a significant improvement 

especially over the northern part of the Red Sea. This finding observed in the marine atmosphere 

over the Arabian Peninsula supports recent studies claiming ocean may serve as an important 

source for atmospheric acetaldehyde (Millet et al., 2010; Read et al., 2012; Wang et al., 2019). 

However, measurement results of acetaldehyde concentration in the seawater are still lacking 

globally, leading to uncertainty in the ocean acting as a net source of acetaldehyde. Meanwhile, the 

contribution from other sources (e.g. from organic aerosols) via different formation pathways are 

still under discussion (Wang et al., 2019). Inlet sampling artifacts due to degradation of inlet surface 

absorbed materials can introduce bias to the measured values especially under pristine regions 
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(Apel et al., 2008; Northway et al., 2004). Therefore, careful instrumental characterizations and 

more ambient measurement comparison with model simulations are needed to better understand 

the budget of acetaldehyde, one of the simplest carbonyl compounds in the atmosphere. 

A similar regional distribution to the carbonyls was found for the measured total OH reactivity 

with the highest value observed being comparable to the values obtained in polluted urban areas. 

By including more species measured by PTR-ToF-MS and other trace gas instruments (over 100 

species), the unattributed reactivity reduced compared to only including major species. The 

reactivity budget can be closed within the uncertainty over half of the regions including the most 

polluted areas (Arabian Gulf and Suez Canal). Oxygenated VOCs were found to provide the largest 

OH reactivity over the Arabian Gulf with five carbonyl species ranked as the top ten most important 

contributors to the total OH reactivity, indicating strong photochemical reactions leading to high 

ozone over this region. In addition, OH reactivity versus ozone correlations plots helped to 

characterize the ozone formation and loss involving different chemical process. The good data 

coverage of the OH reactivity measurement throughout the ship campaign showed the robustness 

of the CRM method on a moving platform. 

For the indoor environment, the carbonyls and the total OH reactivity were measured in a climate 

chamber occupied by human subjects under controlled conditions so that the “natural” human 

emissions can be ascertained.  Over 150 species and ions were found related to human occupants. 

For the total breath emission rate, the most important contributors were acetone, isoprene and 

methanol (91% of the total). While for the total dermal emission rate, it was acetic acid, acetone 

and C2H2OH+ (fragment of acids) contributing the most. When ozone was added in the chamber, 

the total emission rate of breath as well as the top contributing species showed no significant change. 

However, the total emission rate of skin increased dramatically with the most important 

contributors changed to acetone, 6MHO and 4OPA, which are major skin lipids (mainly squalene) 

ozonolysis products. For the whole-body emission rate, it doubled when ozone was present. The 

increase was driven by the dermal emissions mainly carbonyl compounds. For whole-body 

emissions, the same dominant species were identified without and with ozone present. The 

emission rates obtained from the chamber study can be used in indoor air models to better simulate 

the indoor environments occupied by humans. This is key information as human beings are the 

single common element of all living spaces. Based on measured VOCs, the estimated OH reactivity 

can be calculated. By comparing the calculated and the measured OH reactivity, no missing 
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reactivity (unattributed fraction) was observed within the uncertainty, indicating major reactive 

species related to human emissions under both ozone-free and ozone-present conditions have been 

captured by the applied trace gas measurement technique. Similar to the ozone effect observed for 

the emission rates, ozone had negligible effect on breath OH reactivity (dominated by isoprene) 

but elevated the dermal OH reactivity dramatically dominated by carbonyl compounds. The OH 

reactivity of whole-body emissions from four people in the ventilated chamber (16 s-1 under ozone-

free and 33 s-1 under ozone-present) was comparable to the reactivity measured in big cities. The 

study was extended to identify the age effect. Only under ozone-present conditions, was it found 

that the total OH reactivity had a slight age dependence with the OH reactivity: the reactivity 

contributed by carbonyl compounds decreased with increasing age. It was for the first time that the 

CRM system was applied in indoor air measurement, showing good performance and feasibility.  

Ozone formation and loss were mentioned throughout this thesis work linking  

to carbonyl formation and loss for both outdoor and indoor air chemistry. We can conclude from 

the work that ozone plays a more significant role as an oxidant in indoor air chemistry than its role 

as a direct oxidant in daytime outdoor air chemistry. Although the hydroxyl radical (OH) is the 

main oxidant in outside air, coming from ozone photochemistry as described in section 1.1.1, 

indoor OH level is suppressed to a large extent. For outdoor air, secondary formation of ozone is 

an issue of a great concern not only due to its exposure risk but also because of production of 

carbonyl compounds during its formation process. The typical indoor to outdoor ozone ratio (I/O) 

is in the range of 0.2 to 0.7 (Weschler, 2000). More importantly, the outdoor accumulated ozone 

can impact the indoor ozone concentrations, indirectly affecting the indoor air quality through 

ozone-initiated chemistry. In contrast, ozone formation via photochemistry rarely occurs in indoor 

air due to lack of solar radiation but can be additionally released from devices such as printers and 

air purifiers. Outdoor direct VOCs emission sources have been intensively studied, which provides 

valuable information to better understand the source profiles of atmospheric carbonyls. However, 

due to much stronger solar radiation compared to indoor air, photolysis and photochemical 

reactions occur rapidly. Together with meteorological conditions, the formation and loss of 

carbonyl compounds become complicated, which can lead to missing reactivity and unbalanced 

source and sink budgets (as for acetaldehyde). For indoor air, ozone is the mostly studied oxidant. 

The formation of other oxidants (e.g. OH and NO3) in indoor environments are known to be related 

to human activities but are so far much less studied. The study presented in this doctoral project 
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done in the climate chamber already showed abundant and diverse VOCs can be released just from 

human body and how ozone can alter the abundance and the chemical profile when people remain 

seated. Although, no missing reactivity was observed in the chamber study, some unattributed 

reactivity may exist under other conditions. Therefore, more studies are needed to characterize the 

VOCs released from different human activities and how they can interact with indoor oxidants. It 

was recently identified that ozone-initiated carbonyl production can be more efficiently reduced 

via ozone filtration compared to increasing the air exchange rate (Salvador et al., 2019). More 

practical studies of this type should be conducted, as they provide valuable information that can 

help to improve the air quality of human occupied indoor environments more efficiently. 

Last but not least, although PTR-MS and the CRM method have been widely used to characterize 

the VOCs and OH reactivity, limitations of quantification still remain, which can cause uncertainty 

to measurements. PTR-MS using protonated water as the primary ions is not able to measure 

compounds with lower proton affinity than water and it has low efficiency to measure compounds 

with slightly higher proton affinity than water (e.g. formaldehyde). In addition, it is also not able 

to distinguish isomeric compounds. In recent years, more studies have been done by using multiple 

reagent ions (e.g. NO+, O2
+ and NH4

+) to improve the qualification of PTR-MS (Yuan et al., 2017). 

Other techniques like gas chromatography (GC) was also deployed in parallel to PTR-MS to 

achieve wider chemical characterization (Materic et al., 2015; Romano et al., 2014). However, for 

measurements with fast temporal changes and large variations, switching between different ions or 

running modes could lead to data loss (worsen the time resolution of the data set). For the CRM 

system, the relative large uncertainty is caused by multiple interference corrections that  remain the 

main issue limiting the precision of measured reactivity using this method. Instrumental 

improvements are needed to reduce the interferences.   
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